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CATOPTRIC OBJECTIVES AND SYSTEMS
USING CATOPTRIC OBJECTIVES

CROSS-REFERENCE TO RELATED
APPLICATIONS

Under 35 U.S.C. §120, this application is a continuation of
U.S. Ser. No. 13/657,091, filed Oct. 22, 2012, now U.S. Pat.
No. 8,632,195, which is a continuation of U.S. Ser. No.
13/183,823, filed Jul. 15, 2011, now U.S. Pat. 8,317,345,
which is a continuation of U.S Ser. No. 12/700,169, filed Feb.
4, 2010, now U.S. Pat. 8,004,755, which is a continuation of
U.S. Ser. No. 11/317,851, filed Dec. 22, 2005, now U.S. Pat.
NO. 7,682,031, the entire contents of which are hereby incor-
porated by reference. U.S. Ser. No. 11/317,851 claims benefit
under 35 U.S.C. §119(e)(1) of U.S. Provisional Application
No. 60/665,036, filed Mar. 24, 2005, U.S. Provisional Appli-
cation No. 60/695,455, filed Jun. 30, 2005, and U.S. Provi-
sional Application No. 60/698,909, filed Jul. 13, 2005. U.S.
Ser. No. 11/317,851 claims priority under 35 U.S.C. §119 to
German Patent Application No. DE 10 2004 063 313 .4, filed
Dec. 23, 2004, and German Patent Application No. DE 10
2005 042 005.2, filed Sep. 5, 2005.

TECHNICAL FIELD

This disclosure relates to catoptric projection objectives
and to systems that use catoptric projection objectives.

BACKGROUND

Projection objectives are widely used in microlithography
to transfer a pattern from a reticle to a substrate by forming an
image of the reticle on a layer of a photosensitive material
disposed on the substrate. In general, projection objectives
fall into three different classes: dioptric objectives; catoptric
objectives; and catadioptric objectives. Dioptric objectives
use refractive elements (e.g., lens elements) to image light
from an object plane to an image plane. Catoptric objectives
use reflective elements (e.g., mirror elements) to image light
from an object plane to an image plane. Catadioptric objec-
tives use both refractive and reflective elements to image light
from an object plane to an image plane.

SUMMARY

In general, in one aspect, the invention features an objec-
tive arranged to image radiation from an object plane to an
image plane. The objective includes a plurality of elements
arranged to direct the radiation from the object plane to the
image plane. The objective has an image side numerical aper-
ture of more than 0.55 and a maximum image side field
dimension of more than 1 mm, and the objective is a catoptric
objective.

In general, in another aspect, the invention features an
objective arranged to image radiation from an object plane to
an image plane. The objective includes a plurality of elements
arranged to direct the radiation from the object plane to the
image plane. The objective has an image side numerical aper-
ture of more than 0.55, a distance between the object plane
and the image plane is less than 2 m, and the objective is a
catoptric objective.

In general, in a further aspect, the invention features an
objective arranged to image radiation of wavelength A from
an object plane to an image plane. The objective includes a
plurality of mirrors arranged to direct the radiation from the
object plane to the image plane. The objective has an image
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side numerical aperture of more than 0.55 and a maximum
image side field dimension of more than 1 mm, and A is about
100 nm or less.

In general, in another aspect, the invention features an
objective arranged to image radiation from an object plane to
animage plane. The objective includes a plurality of elements
arranged to direct the radiation from the object plane to the
image plane, the plurality of elements including a first ele-
ment, a second element, and a third element, where each of
the first, second, and third elements have an opening for
passage of the radiation from the object plane to the image
plane. The objective has an image side numerical aperture of
more than 0.55 and the objective is a catoptric objective.

In general, in a further aspect, the invention features an
objective arranged to image radiation from an object plane to
animage plane. The objective includes a plurality of elements
arranged to direct the radiation from the object plane to the
image plane, the plurality of elements including a first ele-
ment and the first element does not have an opening. The
objective has an image side numerical aperture of more than
0.55, and the objective is a catoptric objective.

In general, in another aspect, the invention features an
objective arranged to image radiation from an object plane to
animage plane. The objective includes a plurality of elements
arranged to direct the radiation from the object plane to the
image plane, the plurality of elements including a first ele-
ment and a second element, where the first element does not
have an opening and the second element does have an opening
for passage of the radiation from the object plane to the image
plane. The objective has a field independent obscuration
related to the opening that is less than 30% of an aperture
radius at a pupil plane and has an image side numerical
aperture of about 0.4 or more, and the objective is a catoptric
objective.

In general, in a further aspect, the invention features an
objective arranged to image radiation from an object plane to
animage plane. The objective includes a plurality of elements
arranged to direct the radiation from the object plane to the
image plane where, for a meridional section of the objective,
the radiation has a maximum angle of incidence on a surface
of'each of the elements of less than 22°. The objective has an
image side numerical aperture of more than 0.4 and the objec-
tive is a catoptric objective.

In general, in another aspect, the invention features an
objective arranged to image radiation from an object plane to
animage plane. The objective includes a plurality of elements
arranged to direct the radiation from the object plane to the
image plane, the plurality of elements including a first ele-
ment and the first element has an opening for passage of the
radiation from the object plane to the image plane. The objec-
tive has an image side numerical aperture of more than 0.55
and the objective is a catoptric objective.

In general, in a further aspect, the invention features an
objective arranged to image radiation of wavelength A from
an object plane to an image plane. The objective includes ten
elements arranged to direct the radiation from the object
plane to the image plane. The objective is a catoptric objective
and A is about 800 nm or less.

In general, in another aspect, the invention features an
objective arranged to image radiation from an object plane to
animage plane. The objective includes a plurality of elements
arranged to direct the radiation from the object plane to the
image plane, the plurality of elements comprising a first ele-
ment, a second element, a third element, a fourth element, and
a fifth element, where the first, second, third, and fourth
elements each include an opening for passage of the radiation
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from the object plane to the image plane and the fifth element
does not include an opening. The objective is a catoptric
objective.

In general, in a further aspect, the invention features an
objective arranged to image radiation from an object plane to
an image plane. The objective includes a plurality of elements
arranged to direct the radiation from the object plane to the
image plane, the plurality of elements comprising a first ele-
ment and a second element, where the first element does not
include an opening and the second element has a concave
surface and is arranged so that the radiation contacts the
concave surface and the second element is the second to last
element in a path of the radiation from the object plane to the
image plane. The objective is a catoptric objective.

In general, in another aspect, the invention features an
objective arranged to image radiation of wavelength A from
an object plane to an image plane. The objective includes a
first group of mirrors arranged to image the radiation from the
object plane to a first intermediate-image plane, the first
group of mirrors comprising a first mirror where the first
mirror does not include an opening for passage of the radia-
tion from the object plane to the image plane; and a second
group of mirrors arranged to image the radiation from the
intermediate-image plane to the image plane, the second
group of mirrors comprising a second mirror and a third
mirror, where the second and third mirrors each include a
concave surface and an opening for passage of the radiation
from the object plane to the image plane, the second and third
mirrors being arranged so that the radiation contacts the
respective concave surfaces of the second and third mirrors,
wherein A is about 800 nm or less.

In general, in a further aspect, the invention features an
objective arranged to image radiation of wavelength A from
an object plane to an image plane. The objective includes a
first group of mirrors arranged to image the radiation from the
object plane to a first intermediate-image plane, the first
group of mirrors comprising a first mirror where the first
mirror does not include an opening for passage of the radia-
tion from the object plane to the image plane; and a second
group of elements arranged to image the radiation from the
intermediate-image plane to the image plane, the second
group of elements comprising a second mirror, where the
second mirror includes a concave surface and is the next-to-
last mirror in a path of the radiation from the object plane to
the image plane and the second mirror is arranged so that the
radiation contacts the concave surface, wherein A is about 800
nm or less.

In general, in another aspect, the invention features an
objective arranged to image radiation from an object plane to
an image plane. The objective includes a plurality of elements
arranged to direct the radiation from the object plane to the
image plane, the plurality of elements including a first ele-
ment that includes an opening for passage of the radiation
from the object plane to the image plane; and a stop posi-
tioned between the object plane and the image plane, the stop
being separate from each of the plurality of elements. The
opening in the first element results in an obscuration of an
aperture of the objective at an exit pupil and the stop is
configured to reduce variations of the obscuration as a func-
tion of a position with respect to the exit pupil, and wherein
the objective is a catoptric objective.

In general, in a further aspect, the invention features an
objective arranged to image radiation from an object plane to
an image plane. The objective includes a plurality of elements
arranged to direct the radiation from the object plane to the
image plane; and a stop positioned substantially at a pupil
plane of the objective, the stop being configured to substan-
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tially block radiation from the object plane, where the stop is
separate from each of the plurality of elements. The objective
is a catoptric objective.

In general, in another aspect, the invention features an
objective arranged to image radiation from an object plane to
animage plane. The objective includes a plurality of elements
arranged to direct the radiation from the object plane to the
image plane where, for a meridional section of the objective,
the radiation has a maximum angle of incidence on the ele-
ments of less than 20°. The objective has an image side
numerical aperture of about 0.4 or more and the objective is a
catoptric objective.

Embodiments of the objectives may include one or more of
the following features.

In some embodiments, the plurality of elements includes
no more than six elements (e.g., five element, four elements,
three elements, two elements, one element). Alternatively, in
certain embodiments, the plurality of elements includes more
than six elements (e.g., seven elements, eight elements, nine
elements, 10 elements, 11 elements, 12 elements, 13 ele-
ments, 14 elements, 15 elements, 16 elements).

The plurality of elements can include at least one element
that has an opening for passage of the radiation from the
object plane to the image plane. The objective can have a field
independent obscuration related to the opening that is less
than about 40% (e.g., about 35% or less, about 30% or less,
about 25% or less, about 20% or less, about 15% or less) of an
aperture radius at a pupil plane of the objective. The plurality
of'elements can include two elements that have an opening for
passage of the radiation from the object plane to the image
plane. The plurality of elements can include at least one
element that does not have an opening. In some embodiments,
the plurality of elements includes six elements that do not
have an opening.

The plurality of elements can include at least one element
that has a concave surface, where the element is arranged so
that the radiation contacts the concave surface. In certain
embodiments, the plurality of elements includes four ele-
ments that each have a concave surface, where the four ele-
ments are arranged so that the radiation contacts each
element’s concave surface.

The plurality of elements can include at least one element
that has a convex surface, where the element is arranged so
that the radiation contacts the convex surface. In some
embodiments, the plurality of elements includes four ele-
ments that each have a convex surface, where the four ele-
ments are arranged so that the radiation contacts each
element’s convex surface.

The plurality of elements can include a first group of ele-
ments and a second group of elements, the first group of
elements being arranged to image the radiation from the
object plane to a first intermediate-image plane, and the sec-
ond group of elements being arranged to image the radiation
from the intermediate-image plane to the image plane. In
some embodiments, none of the elements in the first group of
elements includes an opening. In certain embodiments, at
least one of the elements in the second group of elements
includes an opening for passage of the radiation from the
object plane to the image plane. The second group of elements
can include a first sub-group of elements and second sub-
group of elements, the first sub-group of elements being
arranged to image the radiation from the first intermediate-
image plane to a second intermediate-image plane, and the
second sub-group of elements being arranged to image the
radiation from the second intermediate-image plane to the
image plane.
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The objective defines an optical axis and at least one of the
elements can be rotationally symmetric with respect to the
optical axis. In some embodiments, at least one of the ele-
ments is not rotationally symmetric with respect to the optical
axis. The at least one element that is not rotationally symmet-
ric with respect to the optical axis can correspond to a portion
of a element that is rotationally symmetric about an axis.

The plurality of elements can include at least one aspheri-
cal element. In embodiments, each of the elements in the
plurality of elements is an aspherical element.

For a meridional section of the objective, the radiation can
have a maximum angle of incidence on a surface of each of
the elements of about 20° or less (e.g., about 18° orless, about
17° or less, about 15° or less, about 12° or less, about 10° or
less).

For a meridional section of the objective, the radiation can
have a maximum range of incident angles on a surface of each
of the elements of about 20° or less (e.g., about 18° or less,
about 17° or less, about 15° or less, about 12° or less, about
10° or less, about 8° or less).

The objective can further include an aperture stop posi-
tioned substantially at a pupil plane of the objective. The
objective can include a stop element positioned substantially
at a pupil plane of the objective and the objective defines an
optical axis that intersects the stop element. The stop element
can obscure about 40% or less (e.g., about 35% or less, about
30% or less, about 25% or less, about 20% or less, about 15%
or less) of an aperture radius at the pupil plane. The stop
element can be a portion of one of the plurality of elements. In
some embodiments, the stop element is remote from each of
the plurality of elements. The stop element can reflect sub-
stantially no radiation directed by the elements from the
object plane incident on the stop element. For example, the
stop element can reflect about 5% or less (e.g., about 4% or
less, about 3% or less, about 2% or less, about 1% or less,
about 0.5% orless, 0.1% or less, 0.05% orless, 0.01% or less)
of the radiation at 1 normally incident on the stop element.
The stop element can include a substrate and a film on the
substrate, the film being an anti-reflection film for radiation at
A

The objective can image the radiation to at least one (e.g.,
two, three, four or more) intermediate-image plane in addi-
tion to the image plane.

A distance from the object plane to the image plane can be
about 2,000 mm or less (e.g., about 1,800 mm or less, about
1,600 mm or less). The radiation can have a wavelength A of
about 200 nm or less (e.g., about 100 nm or less). In some
embodiments, A is in a range from about 10 nm to about 20
nm.

The objective can have a maximum image side field dimen-
sion of about S mm or more (e.g., about 10 mm or more, about
12 mm or more).

The objective can have a maximum image side field radius
of'about 20 mm or less (e.g., about 15 mm or less, about 12
mm or less).

The objective can have a demagnification of about 8x or
less (e.g., about 6x or less, about 4x or less).

The objective can have an image resolution of about 32 nm
or less (e.g., about 25 nm or less, about 18 nm or less).

The objective can have an image-side root-mean-square
wavefront error of about 0.1A or less (e.g., about 0.07A or less,
about 0.03A or less), where A is a wavelength of the radiation.

The objective can be telecentric with respect to the image
plane.

A minimum distance between a surface of the elements and
the image plane can be about 20 mm or more (e.g., about 25
mm or more, about 30 mm or more, about 35 mm or more).
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Each element in the projection objective can reflect about
50% or more (e.g., about 60% or more, about 70% or more) of
the radiation normally incident on a surface of the element.

At least some of the elements can include a plurality of
layers of at least two different materials, wherein a thickness
of'eachofthelayersis aboutA or less, where A is a wavelength
of the radiation. In some embodiments, one of the different
materials includes silicon and another of the different mate-
rials comprises molybdenum. The thickness of each of the
layers can be about A/4. The plurality of layers can include
about 20 or more layers.

In embodiments that include a stop (e.g., an obscuration
stop), an optical axis of the objective can intersect the stop.
The plurality of elements can include a first element and a
second element and the stop can be positioned to block some
of the radiation directed from the first element to the second
element. The plurality of elements can include a first element,
where the first element includes an opening for passage of the
radiation from the object plane to the image plane. The stop
can have a dimension corresponding to about 40% or less
(e.g., about 30% or less) of a diameter of an aperture of the
objective at the pupil plane.

In certain aspects, the invention features a lithography tool
that can include any of the foregoing objectives.

Embodiments of the foregoing objectives can include any
of' the following advantages. For example, embodiments can
include catoptric projection objectives that have a high
image-side numerical aperture. A high image-side numerical
aperture can provide high image resolution.

The projection objectives can have a high image-side
numerical aperture and relatively little angular variation in
the angle of incidence of rays on the reflective elements
forming the projection objective. Accordingly, variations in
the intensity of radiation reflected from the reflective ele-
ments can be reduced relative to projection objectives where
radiation is incident on one or more reflective elements over
a large range of incident angles. Reduced intensity variations
can provide better image quality.

Projection objectives can have a high image-side numeri-
cal aperture and a relatively large image side working dis-
tance, providing sufficient space for accessing the image
plane. For example, projection objectives can have an image-
side working distance of about 15 mm or more.

In some embodiments, projection objectives aretelecentric
at the image plane. This can provide for constant or nearly
constant image magnification over a range of image-side
working distances.

In embodiments, projection objectives can include mirrors
having openings for the passage of radiation, but with rela-
tively low obscuration of the pupil. Low obscuration can
provide better image quality.

In certain embodiments, projection objectives have
extremely high resolution. For example, projection objectives
can have the capability of resolving structures smaller than
about 50 nm. High resolution can be achieved in projection
objectives that have a high image-side numerical aperture that
are designed for operation at short wavelengths (e.g., about 10
nm to about 30 nm).

Projection objectives can provide images with low aberra-
tions. In certain embodiments, projection objectives are cor-
rected for wavefront error of about 10 m) or less.

In certain embodiments, projection objectives are cor-
rected for distortion below values of about 1 nm.

Projection objectives can include one or more pupil planes
that are accessible for positioning an aperture stop or an
obscuration stop at the pupil plane.
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Embodiments of projection objectives can be adapted for
operation at a variety of different wavelengths, including
visible and ultraviolet (UV) wavelengths. Embodiments can
be adapted for operation at Extreme UV (EUV) wavelengths.
Furthermore, embodiments can be adapted for use at more
than one wavelength, or over a range of wavelengths.

In certain embodiments, projection objectives have rela-
tively low ray angles at the reticle and have a relatively high
image-side numerical aperture. For example, radiation from
the illumination system can be incident on the reticle at angles
of'about 10° or less (e.g., about 7°) with respect to the optical
axis, while the projection objective has an image-side
numerical aperture of about 0.4 or more.

In certain embodiments, projection objective can include
features that allow a reduction in the complexity of the illu-
mination system. For example, the location of the entrance
pupil of projection objectives may be in front of the object
plane. In other words, chief rays starting at different field
points are divergent with respect to each other and with
respect to the optical axis. This can make the entrance pupil of
the projection objective/exit pupil of the illumination system
accessible without using a telescope in the illumination sys-
tem to relay the illumination system’s exit pupil to the loca-
tion of the projection objective’s entrance pupil.

In certain embodiments, the projection objective can
include a relatively large working space close to the position
where the optical axis intersects the object plane. This can
allow convenient placement of components (e.g., compo-
nents of the illumination system) close to the reticle. In some
embodiments, this can be achieved by designing the projec-
tion objective so that the mirror physically closest to the
object plane is positioned relatively far from the optical axis.
In such cases, the bundle of rays that goes from the reticle to
the first mirror of the projection objective can intersect a
bundle that goes from the second mirror of the projection
objective to third mirror.

Other features and advantages will be apparent from the
description and drawings, and from the claims.

DESCRIPTION OF DRAWINGS

FIG. 1 is a schematic view of an embodiment of a microli-
thography tool.

FIG. 2 is a schematic view showing a portion of the
microlithography tool shown in

FIG. 1.

FIG. 3 is a cross-sectional view of a portion of a mirror
from a projection objective shown in meridional section.

FIG. 4A is a plan view of an embodiment of a mirror from
a projection objective that includes an opening.

FIG. 4B is a plan view of an embodiment of a mirror from
a projection objective that does not include an opening.

FIG. 5A is a cross-sectional view of an embodiment of a
partial objective shown in meridional section.

FIG. 5B is a cross-sectional view of another embodiment
of a partial objective shown in meridional section.

FIG. 6A is a cross-sectional view of another embodiment
of a partial objective shown in meridional section.

FIG. 6B is a cross-sectional view of another embodiment
of a partial objective shown in meridional section.

FIG.7Ais a cross-sectional view of a portion of an embodi-
ment of a projection objective shown in meridional section,
where the projection objective includes an obscuration stop
on a mirror.

FIG. 7B is a cross-sectional view of a portion of an embodi-
ment of a projection objective shown in meridional section,

20

25

30

40

45

55

65

8

where the projection objective includes an obscuration stop
positioned between two mirrors.

FIG. 7C is a cross-sectional view of a portion of another
embodiment of a projection objective shown in meridional
section, where the projection objective includes an obscura-
tion stop positioned between two mirrors.

FIG. 7D is a plan view of an obscuration stop mounted in a
ring-shape frame.

FIG. 8 is a plan view of an embodiment of a ring segment
field.

FIG. 9A is a cross-sectional view of a portion of the
microlithography tool shown in FIG. 1.

FIG. 9B is a cross-sectional view of a portion of an embodi-
ment of a projection objective shown in meridional section.

FIG. 10 is a cross-sectional view of an embodiment of a
projection objective shown in meridional section.

FIG. 11 is a cross-sectional view of another embodiment of
a projection objective shown in meridional section.

FIG. 12 is a cross-sectional view of a further embodiment
of a projection objective shown in meridional section.

FIG. 13 is a cross-sectional view of another embodiment of
a projection objective shown in meridional section.

FIG. 14 is a cross-sectional view of a further embodiment
of a projection objective shown in meridional section.

FIG. 15A is a cross-sectional view of another embodiment
of a projection objective shown in meridional section.

FIG. 15B is a cross-sectional view of a further embodiment
of a projection objective shown in meridional section.

FIG. 15C is a cross-sectional view of another embodiment
of a projection objective shown in meridional section.

FIG. 15D is a cross-sectional view of a further embodiment
of a projection objective shown in meridional section.

FIG. 15E is a cross-sectional view of another embodiment
of a projection objective shown in meridional section.

FIG. 16 is a cross-sectional view of a further embodiment
of a projection objective shown in meridional section.

FIG. 17 is a cross-sectional view of another embodiment of
a projection objective shown in meridional section.

FIG. 18 is a cross-sectional view of a further embodiment
of a projection objective shown in meridional section.

FIG. 19 is a cross-sectional view of another embodiment of
a projection objective shown in meridional section.

FIG. 20 is a cross-sectional view of a further embodiment
of a projection objective shown in meridional section.

FIG. 21 is a cross-sectional view of another embodiment of
a projection objective shown in meridional section.

FIG. 22 is a cross-sectional view of a portion of a projection
objective shown in meridional section.

FIG. 23 is a cross-sectional view of a portion of a projection
objective shown in meridional section.

FIG. 24 is a cross-sectional view of a portion of a projection
objective shown in meridional section.

FIG. 25 is a cross-sectional view of another embodiment of
a projection objective shown in meridional section.

FIG. 26 is a cross-sectional view of a further embodiment
of a projection objective shown in meridional section.

FIG. 27 is a cross-sectional view of another embodiment of
a projection objective shown in meridional section.

FIG. 28 is a cross-sectional view of a further embodiment
of'aprojection objective and an illumination system, shown in
meridional section.

FIG. 29 is a cross-sectional view of another embodiment of
a projection objective shown in meridional section.

FIG. 30 is a cross-sectional view of a further embodiment
of a projection objective shown in meridional section.

FIG. 31 is a cross-sectional view of another embodiment of
a projection objective shown in meridional section.
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FIG. 32 is a cross-sectional view of a further embodiment
of a projection objective shown in meridional section.

FIG. 33 is a cross-sectional view of another embodiment of
a projection objective shown in meridional section.

DETAILED DESCRIPTION

In general, the disclosure relates to catoptric projection
objectives that have a relatively high numerical aperture.
Catoptric projection objectives with relatively high numerical
apertures can be used in microlithography tools. Referring to
FIG. 1, a microlithography tool 100 generally includes a light
source 110, an illumination system 120, a projection objec-
tive 101, and a stage 130. A Cartesian co-ordinate system is
shown for reference. Light source 110 produces radiation at a
wavelength A and directs a beam 112 of the radiation to
illumination system 120. Illumination system 120 interacts
with (e.g., expands and homogenizes) the radiation and
directs a beam 122 of the radiation to a reticle 140 positioned
at an object plane 103. Projection objective 101 images radia-
tion 142 reflected from reticle 140 onto a surface of a sub-
strate 150 positioned at an image plane 102. The radiation on
the image-side of projection objective 101 is depicted as rays
152. Substrate 150 is supported by stage 130, which moves
substrate 150 relative to projection objective 101 so that pro-
jection objective 101 images reticle 140 to different portions
of substrate 150.

Projection objective 101 includes an optical axis 105. As
depicted in FIG. 1, projection objective 101 images a portion
of reticle 140 that is not coincident with optical axis 105 to
image plane 102.

Light source 110 is selected to provide radiation at a
desired operational wavelength, A, of tool 100. In some
embodiments, light source 110 is a laser light source, such as
a KrF laser (e.g., having a wavelength of about 248 nm) or an
ArF laser (e.g., having a wavelength of about 193 nm). Non-
laser light sources that can be used include light-emitting
diodes (LEDs), such as LEDs that emit radiation in the blue or
UV portions of the electromagnetic spectrum, e.g., about 365
nm, about 280 nm or about 227 nm.

Typically, for projection objectives designed for operation
in lithography tools, wavelength A is in the ultraviolet portion
of'the electromagnetic spectrum. For example, A can be about
400 nm or less (e.g., about 300 nm or less, about 200 nm or
less, about 100 nm or less, about 50 nm or less, about 30 nm
or less). A can be more than about 2 nm (e.g., about 5 nm or
more, about 10 nm or more). In embodiments, A can be about
193 nm, about 157 nm, about 13 nm, or about 11 nm. Using a
relatively short wavelength may be desirable because, in gen-
eral, the resolution of a projection objective is approximately
proportional to the wavelength. Therefore shorter wave-
lengths can allow a projection objective to resolve smaller
features in an image than equivalent projection objectives that
use longer wavelengths. In certain embodiments, however, A
can be in non-UV portions of the electromagnetic spectrum
(e.g., the visible portion).

In general, radiation from light source 110 can be substan-
tially monochromatic or can include radiation at a number of
different wavelengths. In some embodiments, projection
objective 101 can be designed for operation at a single wave-
length or at multiple wavelengths. In some embodiments,
projection objectives can be designed for operation at mul-
tiple wavelengths, such as over bands of wavelengths (e.g.,
from about 10 nm to about 30 nm, from about 200 nm to about
400 nm, from about 400 nm to about 700 nm).

Ilumination system 120 includes optical components
arranged to form a collimated radiation beam with a homo-
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geneous intensity profile. [llumination system 120 typically
also includes beam steering optics to direct beam 122 to
reticle 140. In some embodiments, illumination system 120
also include components to provide a desired polarization
profile for the radiation beam.

Image plane 103 is separated from object plane 102 by a
distance L, which is also referred to as the lengthwise dimen-
sion of projection objective 101. In general, this distance
depends on the specific design of projection objective 101 and
the wavelength of operation of tool 100. In some embodi-
ments, such as in tools designed for EUV lithography, L is in
a range from about 1 m to about 3 m (e.g., in a range from
about 1.5 m to about 2.5 m). In certain embodiments, L is less
than 2 m, such as about 1.9 m or less (e.g., about 1.8 m or less,
about 1.7 m or less, about 1.6 m or less, about 1.5 m or less).
L can be more than about 0.2 m or more (e.g., about 0.3 m or
more, about 0.4 m or more, about 0.5 m or more, about 0.6 m
or more, about 0.7 m or more, about 0.8 m or more, about 0.9
m or more, about 1 m or more).

Projection objective 101 has a magnification ratio, which
refers to the ratio of the dimensions of the field at object plane
103 to the corresponding dimensions of the field at image
plane 102. Typically, projection objectives used in lithogra-
phy tools are reduction projection objectives, meaning they
reduce the dimensions of, or demagnify, the image. In some
embodiments, therefore, projection objective 101 can pro-
duce a field at image plane 102 whose dimensions are reduced
by about 2x or more (e.g., about 3x or more, about 4x or more,
about 5x or more, about 6x or more, about 7x or more, about
8x or more, about 9x or more, about 10x or more) compared
to the dimensions at object plane 103. In other words, projec-
tion objective 101 can have a demagnification of about 2x or
more, (e.g., about 3x or more, about 4x or more, about 5x or
more, about 6x or more, about 7x or more, about 8x or more,
about 9x or more, about 10x or more). More generally, how-
ever, projection objectives can be designed to provide a mag-
nified image or an image the same size as the object.

Referring also to FIG. 2, rays 152 define a cone of light
paths that form the reticle image at image plane 102. The
angle of the cone of rays is related to the image-side numeri-
cal aperture (NA) of projection objective 101. Image-side NA
can be expressed as

NA=n_,sin®,,,.,

where n, refers to the refractive index of the immersing
medium adjacent the surface of substrate 150 (e.g., air, nitro-
gen, water, or evacuated environment), and 0, is the half-
angle of the maximum cone of image forming rays from
projection objective 101.

In general, projection objective 101 has a relatively high
image-side NA. For example, in some embodiments, projec-
tion objective 101 has an image-side NA of more than 0.4
(e.g., about 0.45 or more, about 0.5 or more, about 0.55 or
more, about 0.6 or more, about 0.65 or more, about 0.7 or
more, about 0.75 or more, about 0.8 or more, about 0.85 or
more, about 0.9 or more). In general, the resolution of pro-
jection objective 101 varies depending on wavelength A and
the image-side NA. Without wishing to be bound by theory,
the resolution of a projection objective can be determined
based on the wavelength and image-side NA based on the
formula,
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where R is the minimum dimension that can be printed and k
is a dimensionless constant called the process factor. k varies
depending on various factors associated with the radiation
(e.g., the polarization properties), the illumination properties
(e.g., partial coherence, annular illumination, dipole settings,
quadrupole settings, etc.) and the resist material. Typically, k
is in a range from about 0.4 to about 0.8, but can also be below
0.4 and higher than 0.8 for certain applications.

In some embodiments, projection objective 101 has a rela-
tively high resolution (i.e., the value of R can be relatively
small). For example, R can be about 150 nm or less (e.g.,
about 130 nm or less, about 100 nm or less, about 75 nm or
less, about 50 nm or less, about 40 nm or less, about 35 nm or
less, about 32 nm or less, about 30 nm or less, about 28 nm or
less, about 25 nm or less, about 22 nm or less, about 20 nm or
less, about 18 nm or less, about 17 nm or less, about 16 nm or
less, about 15 nm or less, about 14 nm or less, about 13 nm or
less, about 12 nm or less, about 11 nm or less, such as about
10 nm).

The quality of images formed by projection objective 101
can be quantified in a variety of different ways. For example,
images can be characterized based on the measured or calcu-
lated departures of the image from idealized conditions asso-
ciated with Gaussian optics. These departures are generally
known as aberrations. One metric used to quantify the devia-
tion of a wavefront from the ideal or desired shape is the
root-mean-square wavefront error (W,,,,.). W, - is defined in
the “Handbook of Optics,” Vol. I, 2"¢ Ed., edited by Michael
Bass (McGraw-Hill, Inc., 1995), at page 35.3, which is incor-
porated herein by reference. In general, the lower the W,
value for an objective, less the wavefront deviates from its
desired or ideal shape, and the better the quality of the image.
In certain embodiments, projection objective 101 can have a
relatively small W, . for images at image plane 102. For
example, projection objective 101 can have a W, - of about
0.1A or less (e.g., about 0.07A or less, about 0.06} or less,
about 0.05A or less, about 0.045A or less, about 0.04A or less,
about 0.0355 or less, about 0.03) or less, about 0.025A or less,
about 0.02A or less, about 0.015A or less, about 0.01A or less,
such as about 0.005}.).

Another metric that can be used to evaluate the quality of
the image is referred to as field curvature. Field curvature
refers to the peak-to-valley distance for the field point depen-
dent position of the focal plane. In some embodiments, pro-
jection objective 101 can have a relatively small field curva-
ture for images at image plane 102. For example, projection
objective 101 can have an image-side field curvature of about
20 nm or less (e.g., about 15 nm or less, about 12 nm or less,
10 nm or less, 9 nm or less, 8 nm or less, 7 nm or less, 6 nm or
less, 5 nm orless, 4 nm or less, 3 nm or less, 2 nm or less, 1 nm
or less, such as about 0.5 nm).

Another metric that can be used to evaluate the optical
performance is referred to as distortion. Distortion refers to
the maximum absolute value of the field point dependent
deviation from the ideal image point position in the image
plane. In some embodiments, projection objective 101 can
have a relatively small distortion. For example, projection
objective 101 can have a distortion of about 50 nm or less,
(e.g. about 40 nm or less, about 30 nm or less, about 20 nm or
less, about 15 nm or less, about 12 nm or less, 10 nm or less,
9 nm or less, 8 nm or less, 7 nm or less, 6 nm or less, 5 nm or
less, 4 nm or less, 3 nm or less, 2 nm or less, such as 1 nm).

Being a catoptric system, projection objective 101 includes
a number of mirrors arranged to direct radiation reflected
from reticle 140 to substrate 150 in a way that forms an image
of'reticle 140 on the surface of substrate 150. Specific designs
of projection objectives are described below. More generally,
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however, the number, size, and structure of the mirrors gen-
erally depends on the desired optical properties of projection
objective 101 and the physical constraints of tool 100.

Projection objective 101 is also telecentric with respect to
the image plane. Thus, projection objective 101 can provide
substantially constant magnification over a range of image-
size working distances.

In general, the number of mirrors in projection objective
101 may vary. Typically, the number of mirrors is related to
various performance trade-offs associated with the optical
performance characteristics of the objective, such as the
desired throughput (e.g., the intensity of radiation from the
object that forms the image at image plane 102), the desired
image-side NA and related image resolution, and the desired
maximum pupil obscuration.

In certain embodiments, projection objective 101 has at
least four mirrors (e.g., five or more mirrors, six or more
mirrors, seven or more mirrors, eight or more mirrors, nine or
more mirrors, ten or more mirrors, eleven or more mirrors,
twelve or more mirrors). Inembodiments where itis desirable
that all the mirrors of the objective are positioned between the
object plane and the image plane, objective 101 will typically
have an even number of mirrors (e.g., four mirrors, six mir-
rors, eight mirrors, ten mirrors).

Projection objective 101 generally includes one or more
mirrors with positive optical power. In other words, the reflec-
tive portion of the mirror has a concave surface and is referred
to as a concave mirror. Projection objective 101 can include
two or more (e.g., three or more, four or more, five or more,
$iX or more) concave mirrors. Projection objective 101 can
also include one or more mirrors that have negative optical
power. This means that one or more of the mirrors has a
reflective portion with a convex surface (referred to as a
convex mirror). In some embodiments, projection objective
101 includes two or more (e.g., three or more, four or more,
five or more, six or more) convex mirrors.

In certain embodiments, the arrangement of mirrors in
projection objective 101 images radiation from object plane
103 to one or more intermediate-image planes.

Embodiments that have one or more intermediate images,
also include two or more pupil planes. In some embodiments,
at least one of these pupil planes is physically accessible for
the purposes of placing an aperture stop substantially at that
pupil plane. An aperture stop is used to reduce the size of the
projection objective’s aperture.

In general, the mirrors are formed so that they reflect a
substantial amount of radiation of wavelength A normally-
incident thereon or incident thereon over a certain range of
incident angles. Mirrors can be formed, for example, so that
they reflect about 50% or more (e.g., about 60% or more,
about 70% or more, about 80% or more, about 90% or more,
about 95% or more, 98% or more) of normally incident radia-
tion at A.

In some embodiments, the mirrors include a multilayer
stack of films of different materials arranged to substantially
reflect normally incident radiation at A. Each film in the stack
can have an optical thickness of about A/4. Multilayer stacks
can include about 20 or more (e.g., about 30 or more, about 40
or more, about 50 or more) films. In general, the materials
used to form the multilayer stacks are selected based on
operational wavelength A. For example, multiple alternating
films of molybdenum and silicon or molybdenum and beryl-
lium can be used to form mirrors for reflecting radiation in the
10 nm to 30 nm range (e.g., for A of about 13 nm or about 11
nm, respectively).

In certain embodiments, the mirrors are made of quartz
glass coated with a single layer of aluminum and overcoated
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with one or more layers of dielectric materials, such as layers
formed from MgF,, LaF,, or, Al,O,. Mirrors formed from
aluminum with dielectric coatings can be used, for example,
for radiation having a wavelength of about 193 nm.

In general, the percentage of radiation at A reflected by a
mirror varies as a function of the angle of incidence of the
radiation on the mirror surface. Because imaged radiation
propagates through a catoptric projection objective along a
number of different paths, the angle of incidence of'the radia-
tion on each mirror can vary. This effect is illustrated with
reference to FIG. 3, which shows a portion of a mirror 300, in
meridional section, that includes a concave reflective surface
301. Imaged radiation is incident on surface 301 along a
number of different paths, including the paths shown by rays
310, 320, and 330. Rays 310, 320, and 330 are incident on
portions of surface 301 where the surface normal is different.
The direction of surface normal at these portions is shown by
lines 311, 321, and 331, corresponding to rays 310, 320, and
330, respectively. Rays 310, 320, and 330 are incident on
surface 301 at angles 0;,,, 05,4, and 0;;,, respectively. In
general, angles 65, 055, and 05;, may vary.

For each mirror in projection objective 101, the incident
angles ofimaged radiation can be characterized in a variety of
ways. One characterization is the maximum angle of inci-
dence of rays on each mirror in a meridional section of pro-
jection objective 101. In general, 0,,,, can vary for different
mirrors in projection objective 101. In embodiments, the
maximum value of0,,, forall the mirrors in projection objec-
tive 101 is about 75° or less (e.g., about 70° or less, about 65°
or less, about 60° or less, about 55° or less, about 50° or less,
about 45° orless). 0, can be more than about 5° (e.g., about
10° or more, about 20° or more). In some embodiments, the
maximum value of 6, can be relatively low. For example,
the maximum value of 0,,, can be about 40° or less (e.g.,
about 35° or less, about 30° or less, about 25° or less, about
20° or less, about 15° or less, about 13° or less, about 10° or
less).

Another characterization is the angle of incidence of the
chief ray corresponding to the central field point on each
mirror in a meridional section of projection objective 101.
This angle is referred to as 0 %. In general, 08 can vary. In
some embodiments the maximum value of 6 -, 0 z(max), in
projection objective 101 can be relatively low. For example,
0 z(max) can be about 35° or less (e.g., about 30° or less,
about 25° or less, about 20° or less, about 15° or less, about
13° or less, about 10° or less, about 8° or less, about 5° or
less).

Each mirror in projection objective 101 can also be char-
acterized by the range of angles of incidence, A8, of rays for
a meridional section of projection objective 101. For each
mirror, AO corresponds to the difference between 9,,,, and
0,,,» where 0. is the minimum angle of incidence of rays on
each mirror in a meridional section of projection objective
101. In general, AB may vary for each mirror in projection
objective 101. For some mirrors, A8 can be relatively small.
For example, AB can be about 20° or less (e.g., about 15° or
less, about 12° or less, about 10° or less, about 8° or less,
about 5° or less, about 3° or less, 2° or less). Alternatively, for
some mirrors in projection objective 101, A6 can be relatively
large. For example, A8 for some mirrors can be about 20° or
more (e.g., about 25° or more, about 30° or more, about 35° or
more, about 40° or more). In some embodiments, the maxi-
mum value for AB, A6, ., for all the mirrors in projection
objective 101 can be relatively small. For example, A8, ., can
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about 12° or less, about 10° or less, about 9° or less, about 8°
or less, about 7° or less, about 6° or less, about 5° or less, such
as 3°).

In general, catoptric projection objectives are designed to
account for the obscuration of ray paths caused by the reflec-
tive elements, as opposed to transmissive elements used in a
dioptric system. The mirrors are designed and arranged so
that radiation imaged by the projection objective follows a
path through a transmissive opening (e.g., a hole) in the
mirror, or passes the edge of the mirror. Thus, mirrors in
projection objective 101 can be categorized as being in one of
two groups: mirrors in the first group include an opening for
the passage of radiation and mirrors in the second group do
not.

An example of a mirror 600 that includes an opening is
shown in FIG. 4A. Mirror 600 includes an opening 610.
Mirror 600 can be arranged in projection objective 101 so that
optical axis 105 intersects opening 610. Mirror 600 is circular
in shape with diameter D. Generally, D is selected based on
the design of projection objective 101. In some embodiments,
D is about 1,500 mm or less (e.g., about 1,400 nm or less,
about 1,300 mm or less, about 1,200 mm or less, about 1,100
mm or less, about 1,000 mm or less, about 900 mm or less,
about 800 mm or less, about 700 mm or less, about 600 mm or
less, about 500 mm or less, about 400 mm or less, about 300
mm or less, about 200 mm or less, about 100 mm or less). D
may be more than about 10 mm (e.g., about 20 mm or more,
about 50 mm or more).

In general, mirrors in projection objective 101 that include
anopening can be circular or non-circular in shape. Examples
of non-circular openings include polygonal openings (e.g.,
square openings, rectangular openings, hexagonal openings,
octagonal openings, irregular polygonal openings) and non-
circular, curved openings (e.g., elliptical openings, irregular
curved openings).

Mirrors that are non-circular in shape can have a maximum
dimension that is about 1,500 mm or less (e.g., about 1,400
nm or less, about 1,300 mm or less, about 1,200 mm or less,
about 1,100 mm or less, about 1,000 mm or less, about 900
mm or less, about 800 mm or less, about 700 mm or less,
about 600 mm or less, about 500 mm or less, about 400 mm or
less, about 300 mm or less, about 200 mm or less, about 100
mm or less.) Non-circular mirrors may have a maximum
dimension that is more than about 10 mm (e.g., about 20 mm
or more, about 50 mm or more).

Opening 610 is circular in shape with diameter D,. D,
depends on the design of projection objective 101 and is
generally sized to allow a sufficiently large opening for the
passage of radiation from object plane 103 to image plane
102.

In general, mirror openings can be circular or non-circular
in shape. Examples of non-circular openings include polygo-
nal openings (e.g., square openings, rectangular openings,
hexagonal openings, octagonal openings) and non-circular,
curved openings (e.g., elliptical openings, irregular curved
openings).

Openings that are non-circular in shape can have a maxi-
mum dimension that is about 0.75 D or less (e.g., about 0.5 D
or less, about 0.4 D or less, about 0.3 D or less, about 0.2 D or
less, about 0.1 D or less, about 0.05 D or less). The maximum
opening of a non-circular opening can be more than about
0.01 D (e.g., about 0.02 D or more, about 0.03 D or more,
about 0.04 D or more, about 0.05 D or more). In some
embodiments, a mirror includes a non-circular opening that
has a maximum dimension of about 50 mm or less (e.g., about
45 mm or less, about 40 mm or less, about 35 mm or less,



US 9,304,407 B2

15

about 30 mm or less, about 25 mm or less, about 20 mm or
less, about 15 mm or less, about 10 mm or less, such as about
5 mm).

In embodiments where projection objective 101 includes
more than one mirror with an opening, the openings in dif-
ferent mirrors can have the same shape or can have different
shapes. Furthermore, the openings in different mirrors can
have the same maximum dimension or can have different
maximum dimensions.

An example of a mirror 660 that does not include an open-
ing is shown in FIG. 4B. Mirror 660 is in the shape of a ring
segment. Mirror 660 corresponds to a segment of a circular
mirror 670 of diameter D. Mirror 660 has a maximum dimen-
sion in the x-direction given by M. In embodiments, M, can
be about 1,500 mm or less (e.g., about 1,400 nm or less, about
1,300 mm or less, about 1,200 mm or less, about 1,100 mm or
less, about 1,000 mm or less, about 900 mm or less, about 800
mm or less, about 700 mm or less, about 600 mm or less,
about 500 mm or less, about 400 mm or less, about 300 mm or
less, about 200 mm or less, about 100 mm or less). M, can be
more than about 10 mm (e.g., about 20 mm or more, about 50
mm or more).

Mirror 660 is symmetric with respect to meridian 675.
Mirror 660 has a dimension M, along meridian 675. M,, can
be smaller or larger than M,. In some embodiments, M,, is in
a range from about 0.1 M, to about M, (e.g., about 0.2 M or
more, about 0.3 M, or more, about 0.4 M, or more, about 0.5
M, ormore, about 0.6 M, or more, about 0.7 M__or more about
0.8 M, or more, about 0.9 M, or more). Alternatively, in
certain embodiments, M, can be about 1.1 M, or more (e.g.,
about 1.5 M, or more), such as in a range from about 2 M, to
about 10M. M, can be about 1,000 mm or less (e.g., about 900
mm or less, about 800 mm or less, about 700 mm or less,
about 600 mm or less, about 500 mm or less, about 400 mm or
less, about 300 mm or less, about 200 mm or less, about 100
mm or less). M, can be more than about 10 mm (e.g., about 20
mm or more, about 50 mm or more).

Mirrors that do not include an opening may be arranged so
that optical axis 105 intersects the mirror, or does not intersect
the mirror.

In general, projection objective 101 can include mirrors of
varying shape and size, depending on its design. In some
embodiments, the maximum dimension of any mirror in pro-
jection objective is about 1,500 mm or less (e.g., about 1,400
nm or less, about 1,300 mm or less, about 1,200 mm or less,
about 1,100 mm or less, about 1,000 mm or less, about 900
mm or less, about 800 mm or less, about 700 mm or less,
about 600 mm or less, about 500 mm or less, such as about
300 mm). In certain embodiments, the maximum dimension
of'any mirror in projection objective is about 10 mm or more
(e.g., about 20 mm or more, about 30 mm or more, about 40
mm or more, about 50 mm or more, about 75 mm or more,
about 100 mm or more).

In certain embodiments, projection objective 101 includes
a group of mirrors (e.g., two or more mirrors, three or more
mirrors, four or more, mirrors, five or more mirrors, six or
more mirrors) that do not include an opening that are arranged
to form an image (e.g., at image plane 102 or at some inter-
mediate-image plane). In embodiments where projection
objective 101 includes additional mirrors to the group of
mirrors, the group of mirrors is referred to as a partial objec-
tive.

In embodiments, projection objective 101 can include
more than one partial objective. For example, projection
objective can include two partial objectives, three partial
objectives, four partial objectives, or more than four partial
objectives.
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An example of a partial objective is partial objective 400
shown in FIG. 5A. Partial objective 400 includes mirrors 410,
420, 430, and 440 arranged to image radiation from an object
plane 403 (e.g., corresponding to object plane 103 or to an
intermediate image plane) to an image plane 402 (e.g., cor-
responding to image plane 102 or to an intermediate-image
plane). The reflective surfaces of mirrors 410, 420, 430, and
440 all correspond to portions of axially-symmetric surfaces,
where the rest of the mirror surface has been removed to
provide a path for the imaged radiation. The first mirror in the
path of the radiation, mirror 420, is closest to plane 402, while
the second mirror in the path of the radiation, mirror 410, is
closest to plane 403.

As another example, referring to FIG. 5B, a partial objec-
tive 450 includes mirrors 460, 470, 480, and 490 arranged to
image radiation from an object plane 453 (e.g., corresponding
to object plane 103 or to an intermediate image plane) to an
image plane 452 (e.g., corresponding to image plane 102 or to
an intermediate-image plane). Like the mirrors forming par-
tial objective 400, the reflective surfaces of mirrors 460, 470,
480, and 490 all correspond to portions of axially-symmetric
surfaces, where the rest of the mirror surface has been
removed to provide a path for the imaged radiation. The third
mirror in the path of the radiation, mirror 480, is closest to
plane 452, while the second mirror in the path of the radiation,
mirror 460, is closest to plane 403.

While partial objectives 400 and 450 are formed from
mirrors that do not include openings, partial objectives can
also be formed from mirrors that do include an opening. For
example, referring to FIG. 6A, a partial objective 500 is
formed from mirrors 510 and 520, where mirror S10 includes
an opening 511. Partial objective 500 is arranged to image
radiation to an image plane 502 (e.g., corresponding to image
plane 102 or to an intermediate-image plane)).

Referring to FIG. 6B, another example of a partial objec-
tive that is formed from mirrors that include an opening is
partial objective 550. Partial objective 550 includes mirrors
560 and 570. Mirror 560 includes an opening 561 and mirror
S70 includes an opening 571. Partial objective 550 is
arranged to image radiation to an image plane 552 (e.g.,
corresponding to image plane 102 or to an intermediate-
image plane)).

Partial objectives that use mirrors that have an opening
resultin part of a pupil of the partial objective being obscured.
Accordingly, in embodiments, projection objective 101 can
have an obscured pupil. The extent to which the exit pupil of
projection objective 101 is obscured can be characterized by
a value, R, , referred to as the obscuration radius, which is
the minimum percentage of the aperture radius of projection
objective 101 that can be obscured at a pupil plane where the
obscuration is substantially independent of the field position,
as determined for a meridional section of projection objective
101. In other words, the obscuration radius corresponds to the
minimum obscuration at a pupil plane that appears substan-
tially the same at all positions in the field. Due to the rotational
symmetry of the system with respect to optical axis it is
sufficient to calculate the obscuration radius in the meridional
section. In some embodiments that include one or more mir-
rors with an opening, projection objection 101 can have rela-
tively little pupil obscuration. For example, R ,,, can be about
30% or less (e.g., about 25% or less, about 22% or less, about
20% or less, about 18% or less, about 15% or less, about 12%
or less, about 10% or less). In certain embodiments, R, is
more than about 2% (e.g., about 5% or more, about 8% or
more).

In some embodiments, projection objective 101 includes
one or more pupil planes that are physically accessible for
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positioning a radiation obscuring element (referred to as an
obscuration stop). The obscuration stop can be positioned
substantially at that pupil plane where the pupil plane inter-
sects optical axis 105. An obscuration stop located in a pupil
position can result in a field independent obscuration of the
pupil in embodiments where projection objective includes
one or more mirrors that include openings for the passage of
radiation.

Typically, the obscuration stop should be formed from or
coated with a material that does not reflect radiation at A (e.g.,
the material can substantially absorb incident radiation at A)
Preferably, the obscuration stop should not result in substan-
tial stray radiation in the system.

Referring to FIG. 7A, in some embodiments, a mirror 910
is positioned substantially at a pupil plane in projection objec-
tive 101 and an obscuration stop 912 is provided on the mirror
surface. Obscuration stop 912 may be, for example, an anti-
reflective coating for radiation of wavelength A. Obscuration
stop 912 blocks some incident radiation propagating along
certain ray paths. This is illustrated in FIG. 7A by rays 921,
922, and 923. Rays 921 and 923 intersect the reflective por-
tion of mirror 910, while ray 922 intersects obscuration stop
912. Accordingly, radiation propagating along the path of
rays 921 and 923 is reflected by mirror 920 towards a down-
stream mirror 920. Radiation propagating along the path of
ray 922, on the other hand, is blocked by obscuration stop
912.

In certain embodiments, an obscuration stop may be posi-
tioned between mirrors in projection objective 101. For
example, an obscuration stop may be positioned at a pupil
plane that is not coincident with any mirrors in the projection
objective. Referring to FIG. 7B, an obscuration stop 926 may
be positioned between mirrors 910 and 920 to block radiation
propagating along certain ray paths between the mirrors.
Obscuration stop is mounted in place using a support beam
928 that is passed through an opening 924 in mirror 910.

An alternative mounting scheme is shown in FIGS. 7C and
7D, where an obscuration stop 930 is positioned between
mirrors 910 and 920 by a mounting ring 932 that has an inner
diameter larger than the projection objective aperture at the
pupil plane where obscuration stop 930 is positioned. Obscu-
ration stop 930 is affixed to ring-shaped frame 932 by three
radial beams 934. Beams 934 are made sufficiently narrow so
as not to substantially block radiation.

In certain embodiments, an obscuration stop positioned
substantially at a pupil plane may be removed or exchanged
for another obscuration stop without having to remove or
exchange a mirror in the projection objective.

In some embodiments, an obscuration stop can be mounted
on a transmissive optical element. For example, in embodi-
ments where there exist materials that are substantially trans-
missive at the system’s operating wavelength A, and these
materials have sufficient mechanical strength to support an
obscuration stop, an obscuration stop can be mounted on a
transmissive flat element. As an example, in embodiments
where A is in the visible portion of the electromagnetic spec-
trum, an obscuration stop can be mounted by coating or
affixing the obscuration stop onto a flat glass element of
sufficient size that can be mounted to the frame of projection
objective 101.

Typically, obscuration stops are used in embodiments
where at least one of the mirrors in the projection objective
101 has an opening for the passage of radiation. In general,
the size of the obscuration stop can vary. In certain embodi-
ments, the obscuration stop is the smallest size possible that
provides a substantially field independent obscuration at the
exit pupil of the projection objective. In some embodiments,
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the obscuration stop can have a radial dimension that is about
60% or less (e.g., about 55% or less, about 50% or less, about
45% or less, about 40% or less, about 35% or less, about 30%
or less, about 25% or less, about 20% or less) of the radius of
the pupil aperture.

In general, the shape of the field of projection objective 101
can vary. In some embodiments, the field has an arcuate
shape, such as the shape of a segment of a ring. For example,
projection objectives that include partial objectives formed
from mirrors without openings, such as partial objectives 400
and 450 described above, can have field in the shape of a ring
segment. Referring to FI1G. 8, a ring-segment field 700 can be
characterized by an x-dimension, d,, a y-dimension, d,, anda
radial dimension, d,.. d, and d,, correspond to the dimension of
the field along the x-direction and y-direction, respectively. d,.
corresponds to the ring radius, as measured from optical axis
105 to the inner boundary of field 700. Ring-segment field
700 is symmetric with respect to a plane parallel to the y-z
plane and indicated by line 710. In general, the sizes of d,, d,,
and d, vary depending on the design of projection objective
101. Typically d, is larger than d,. The relative sizes of field
dimensions d,, d,, and d, at object plane 103 and image plane
102 vary depending on the magnification or demagnification
of projection objective 101.

In some embodiments, d, is relatively large at image plane
102. For example, d, at image plane 102 can be more than 1
mm (e.g., about 3 mm or more, about 4 mm or more, about 5
mm or more, about 6 mm or more, about 7 mm or more, about
8 mm or more, about 9 mm or more, about 10 mm or more,
about 11 mm or more, about 12 mm or more, about 13 mm or
more, about 14 mm or more, about 15 mm or more, about 18
mm or more, about 20 mm or more, about 25 mm or more). d,.
can be about 100 mm or less (e.g., about 50 mm or less, about
30 mm or less).

d, at image plane 102 can be in a range from about 0.5 mm
to about 5 mm (e.g., about 1 mm, about 2 mm, about 3 mm,
about 4 mm).

Typically, d, at image plane 102 is in a range from about 10
mm to about 50 mm. d, can be, for example, about 15 mm or
more (e.g., about 20 mm or more, about 25 mm or more, about
30 mm or more) at image plane 102.

More generally, for other field shapes, projection objective
101 can have a maximum field dimension of more than 1 mm
(e.g., about 3 mm or more, about 4 mm or more, about 5 mm
or more, about 6 mm or more, about 7 mm or more, about 8§
mm or more, about 9 mm or more, about 10 mm or more,
about 11 mm or more, about 12 mm or more, about 13 mm or
more, about 14 mm or more, about 15 mm or more, about 18
mm or more, about 20 mm or more, about 25 mm or more) at
image plane 102. In certain embodiments, projection objec-
tive has a maximum field dimension of no more than about
100 mm (e.g., about 50 mm or less, about 30 mm or less).

Embodiments of projection objective 101 can have a rela-
tively large image-side free working distance. The image-side
free working distance refers to the shortest distance between
image plane 102 and the mirror surface of the mirror closest
to image plane 102. This is illustrated in FIG. 9A, which
shows a mirror 810 as the closest mirror to image plane 102.
Radiation reflects from surface 811 of mirror 810. The image-
side free working distance is denoted d,,. In some embodi-
ments, d,, is about 25 mm or more (e.g., about 30 mm or more,
about 35 mm or more, about 40 mm or more, about 45 mm or
more, about 50 mm or more about 55 mm or more, about 60
mm or more, about 65 mm or more). In certain embodiments,
d,, is about 200 mm or less (e.g., about 150 mm or less, about
100 mm or less, about 50 mm or less). A relatively large
working distance may be desirable because it can allow the
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surface of substrate 150 to be positioned at image plane 102
without contacting the side of mirror 810 facing image plane
102.

Analogously, the object-side free working distance refers
to the shortest distance between object plane 103 and the
surface of the reflective side of the mirror in projection objec-
tive 101 closest to object plane 103. In some embodiments,
projection objective 101 has a relatively large object-side free
working distance. For example, projection objective 101 can
have an object-side free working distance of about 50 mm or
more (e.g., about 100 mm or more, about 150 mm or more,
about 200 mm or more, about 250 mm or more, about 300 mm
or more, about 350 mm or more, about 400 mm or more, about
450 mm or more, about 500 mm or more, about 550 mm or
more, about 600 mm or more, about 650 mm or more, about
700 mm or more, about 750 mm or more, about 800 mm or
more, about 850 mm or more, about 900 mm or more, about
950 mm or more, about 1,000 mm or more). In certain
embodiments, the object-side free working distance is no
more than about 2,000 mm (e.g., about 1,500 mm or less,
about 1,200 mm or less, about 1,000 mm or less). A relatively
large object-side free working distance may be advantageous
in embodiments where access to the space between projection
objective 101 and object plane 103 is desired. For example, in
embodiments where reticle 140 is a reflective reticle, it is
necessary to illuminate the reticle from the side that faces
objective 101. Therefore, there should be sufficient space
between projection objective 101 and object plane 103 to
allow the reticle to be illuminated by illumination system 120
at a desired illumination angle. Furthermore, in general, a
larger object-side free working distance allows flexibility in
design of'the rest of tool, for example, by providing sufficient
space to mount other components between projection objec-
tive 101 and the support structure for reticle 140.

In some embodiments, the mirror that is closest to object
plane 103 can positioned away from optical axis 105. In other
words, optical axis 105 does not intersect the mirror closest to
object plane 103. For example, referring to FIG. 9B, in certain
embodiments, projection objective 101 includes four mirrors
941-944, where mirror 941 is the closest mirror to object
plane 103. The minimum distance between mirror 941 and
optical axis 105 is shown by distance 946.

In some embodiments, distance 946 can be about 50 mm or
more (e.g., about 60 mm or more, about 70 mm or more, about
80 mm or more, about 90 mm or more, about 100 mm or more,
about 110 mm or more, about 120 mm or more, about 130 mm
or more, about 140 mm or more, about 150 mm or more, about
160 mm or more, about 170 mm or more, about 180 mm or
more, about 190 mm or more, about 200 mm or more, about
210 mm or more, about 220 mm or more, about 230 mm or
more, about 240 mm or more, about 250 mm or more, about
260 mm or more, about 270 mm or more, about 280 mm or
more, about 290 mm or more, about 300 mm or more). In
certain embodiments, distance 946 is no more than about
1,000 mm (e.g., about 500 mm or less).

It may be advantageous to have a relatively large distance
946, because it can provide arelatively large space close to the
point where optical axis 105 intersects object plane 103. This
space may be utilized by other components in the lithography
tool, such as one or more optical components of the illumi-
nation system (e.g., a grazing incidence reflective element).

Some of the radiation imaged by the projection objective
follows the path of ray 947. The ray intersect the mirrors in the
following order: mirror 942; mirror 941; mirror 943; and
mirror 944. The path of ray 947 crosses itself at position 945,
after reflecting from mirror 941, and between mirrors 941 and
943.
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In general, projection objective 101 can be designed so that
chiefrays from reticle 140 either converge to, diverge from, or
are parallel to optical axis 105. In other words, the position of
the entrance pupil of projection objective 101 can vary with
respect to object plane 103 depending on the projection
objective design. In some embodiments, for example, object
plane 103 is between projection objective 101 and the
entrance pupil of projection objective 101. Alternatively, in
certain embodiments, the entrance pupil is positioned
between object plane 103 and projection objective 101.

Illumination system 120 may be arranged so that the exit
pupil of the illumination system is positioned substantially at
the entrance pupil of projection objective 101. In certain
embodiments, illumination system 120 includes a telescope
subsystem which projects the illumination system’s exit pupil
to the location of the entrance pupil of projection objective
101. However, in some embodiments, the exit pupil of illu-
mination system 120 is positioned at the entrance pupil of
projection objective 101 without using a telescope in the
illumination system. For example, when the object plane 103
is between projection objective 101 and the entrance pupil of
the projection objective, the exit pupil of illumination system
120 may coincide with the projection objective’s entrance
pupil without using a telescope in the illumination system.

In general, projection objective 101 can be designed using
commercially available optical design software like
ZEMAX, OSLO, or Code V. Typically, a design is started by
specifying an initial projection objective design (e.g.,
arrangement of mirrors) along with parameters such as the
radiation wavelength, field size and numerical aperture, for
example. The code then optimizes the design for specified
optical performance criteria, such as, for example, wavefront
error, distortion, telecentricity, and image uniformity.

Referring to FI1G. 10, an embodiment of a projection objec-
tive 1000 includes eight mirrors S1, S2, S3, S4, S5, S6, SK1,
and SK2, and has an image-side numerical aperture of 0.54
and an operating wavelength of 13.4 nm. Mirrors S1, S2, S3,
S4, S5, S6, SK1, and SK2 are all aspherical mirrors. Projec-
tion objective 1000 images radiation from object plane 103 to
image plane 102 with a demagnification ratio of 6x and a
resolution of about 15 nm. The optical axis in relation to
which the projection objective is rotationally symmetric is
identified as HA, and the overall length of the system from
object plane 103 to the image plane 102, the lengthwise
dimension, L, is 1,745 mm.

Projection objective 1000 has a ring-segment field. The
image-side field width, d,, is 13 mm. The image-side field
radius, d,, is 20 mm. The image-side field length, d,, is 1 mm.
Image-side W, is 0.024A. Image-side field curvature is 3
nm.

The shape of the mirrors in the order of the radiation path
from object plane 103 to image plane 102 is as follows: mirror
S1 is a concave mirror; mirror S2 is a convex mirror; mirror
S5 is a convex mirror; mirror S6 is a concave mirror; mirror
S3 is a convex mirror; mirror S4 is a concave mirror; mirror
SK1 is a concave mirror; and mirror SK2 is a concave mirror.

Mirrors S3, S4, SK1, and SK2 include openings. Opening
Al is located in mirror S3, opening A2 is located in mirror
SK2, opening A3 is located in mirror SK1, and opening A4 is
located in mirror S4. Mirrors S1, S2, S5, and S6 do not
include openings. The resulting obscuration radius that pro-
vides a field-independent obscuration is 43% of the aperture
radius.
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The image-side free working distance, shown as distance A TABLE 1A
between the vertex V3, i.e., the vertex of primary concave
mirror SK1, and image plane 102 is 40 mm. The object-side Surface Radius Thickness Mode
free working distance is 100 mm.

The maximum angle of incidence on mirrors S1, S2, S3, ; Object INFINITY 316.480
S4, S5, S6, SK1, and SK2 of a chief ray of a central field point Mirror 1 -375.233 =77.505 REFL
is 33.8°. The maximum angle of incidence of any ray on Mirror 2 2976.73 31.007 REFL
mirrors S1, S2, S3, S4, S5, S6, SK1, and SK2 is 38.6°. The STOP INFINITY 0.000

. o : Mirror 3 127.889 -189.982 REFL
maximum range of incident angles on any of mirrors S1, S2, Mirror 4 370.830 1020934 REFL
S3, S4, S5, S6, SK1, and SK2 is 12.0°. 10 Mirror 5 787.6 -596.052 REFL

The size of the largest mirror in meridional section is 669 Mirror 6 735.437 1171383 REFL
mm. The size of the largest mirror in the x-direction is 675 Mirror 7 _1195.158 _512.255 REFL
mm. Mirror 8 977.668 552.254 REFL

The mirrors are arranged so that projection objective 1000 Image INFINITY 0.000
contains three partial objectives: a first partial objective 1010,

a second partial objective 1020, and a third partial objective
TABLE 1B
Surface K A B C
Mirror 1 0.00000E+00  -3.72335E-09  -1.17134E-13  -9.45919E-19
Mirror 2 0.00000E+00  —6.42297E-08 5.78359E-13  -1.12102E-17
Mirror 3 0.00000E+00  -1.89730E-07 1.46577E-11  -7.35930E-15
Mirror 4 0.00000E+00  -6.59877E-10  -4.46770E-15 -8.43588E-22
Mirror 5 0.00000E+00 6.80330E~10 8.62377E-15  7.97025E-20
Mirror 6 0.00000E+00 1.51444E-10 421253E-16  9.86205E-22
Mirror 7 0.00000E+00  -9.01450E-11 7.43085E-17  -9.79557E-22
Mirror 8 0.00000E+00  -4.33573E-10  -6.45281E-16  1.20541E-22
Surface D E F G
Mirror 1 2.64879E-22  -1.44452E-26 3.02340E-31  0.00000E+00
Mirror 2 1.41033E-20  —2.65285E-24 1.76103E-28  8.50988E-33
Mirror 3 4.29136E-18 4.55565E-22 6.01716E-23  -9.67457E-26
Mirror 4 ~1.47803E-24 437901E-29  -7.78139E-34  6.26619E-39
Mirror 5 9.90660E-24  -3.49519E-27 2.27576E-31  -5.30361E-36
Mirror 6 2.49255E-27 3.14626E-33 1.55856E-38  5.58485E-45
Mirror 7 6.90221E-27  -3.91894E-32 1.37730E-37  -2.19834E-43
Mirror 8 6.77194E-28 1.92112E-32  -7.82371E-38  1.09694E-43
1030. Accordingly, projection objective 1000 produces three Referring to FIG. 11, an embodiment of a projection objec-
pupil planes and two intermediate images. At least one of the ~ tive 1100 includes eight mirrors S1, 82, S3, S4, S5, S6, SK1,
pupil planes is accessible for positioning an aperture stop. At 40 and SKZ,.and has animage-side numeric.al aperture 0f 0.5 and
least one of the pupil planes is accessible for positioning an 40 operating wavelength of 13.5 nm. Mirrors S1, S2, S3, S4,
obscuration stop, at the position of mirror S3, for example. S5, 56, SK1, and SK2 are 2.111 .asphencal mirrors. Projection
. . . . . objective 1100 images radiation from object plane 103 to

First partial objective 1010 has a total of four mirrors: : : . - .

. . - . . . image plane 102 with a demagnification ratio of 4x and a
ml.rror.Sl, mirror 82, ml.rror S5, e}nd mlrror S6', First partial 45 resolution of about 17 nm. The optical axis in relation to
objectlve 1019 fgnns an 1ntermed.1ate image Z1 in or close to which the projection objective is rotationally symmetric is
mirror S4. This image is demagnified 1.77x. ] identified as HA, and the overall length of the system from

Second partial objective 1020 has a total of two mirrors: object plane 103 to the image plane 102, the lengthwise
mirror S3, and mirror S4. Second partial objective 1020 forms dimension, L, is 1,711 mm.
an intermediate image 72 in or close to mirror S3. Thisimage so  Projection objective 1100 has a ring-segment field. The
is demagnified 1.18x. image-side field width, d_, is 13 mm. The image-side field

Third partial objective 1030 has a total of two mirrors: radius, d,, is 13 mm. The image-side field length, d,, is 1 mm.
mirror SK1, and mirror SK2. Third partial objective 1030 Image-side W, is 0.044\. Image-side field curvature is 12
forms an image in or close to image plane 102. This image is nm.
demagnified 2.88x. 55 The shape of the mirrors in the order of the radiation path

An aperture stop B is positioned near mirror S5. from object plane 103 to image plane 102 is as follows: mirror

Data for projection objective 1000 is presented in Table 1A S1 is a convex mirror; mirror S2 is a concave mirror; mirror
and Table 1B below. Table 1A presents optical data, while S5 is a convex mirror; mirror S6 is a concave mirror; mirror
Table 1B presents aspherical constants for each of the mirror S3 is a convex mirror; mirror S4 is a concave mirror; mirror
surfaces. For the purposes of Table 1A and Table 1B, the 60 SK1 is a concave mirror; and mirror SK2 is a concave mirror.
mirror designations correlate as follows: mirror 1 corre- Mirrors S3, S4, SK1, and SK2 include openings. Opening
sponds to mirror S1; mirror 2 corresponds to mirror S2; Al is located in mirror S3, opening A2 is located in mirror
mirror 3 corresponds to mirror S5; mirror 4 corresponds to SK2, opening A3 is located in mirror SK1, and opening A4 is
mirror S6; mirror 5 corresponds to mirror S3; mirror 6 corre- located in mirror S4. Mirrors S1, S2, S5, and S6 do not
sponds to mirror S4; mirror 7 corresponds to the primary 65 include openings. The resulting obscuration radius that pro-

concave mirror SK1; and mirror 8 corresponds to the second-
ary concave mirror SK2.

vides a field-independent obscuration is 36% of the aperture
radius.
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The image-side free working distance is 69 mm. The object
side free working distance is 100 mm.

The maximum angle of incidence on mirrors S1, S2, S3,
S4, S5, 86, SK1, and SK2 of a chief ray of a central field point
is 19.4°. The maximum angle of incidence of any ray on
mirrors S1, 82, S3, 84, S5, S6, SK1, and SK2 is 21.8°. The
maximum range of incident angles on any of mirrors S1, S2,
S3, 84, S5, 86, SK1, and SK2 is 15.0°.

The size of the largest mirror in meridional section is 385
mm. The size of the largest mirror in the x-direction is 616
mm.

The mirrors are arranged so that projection objective 1100
contains three partial objectives: a first partial objective 1010,
a second partial objective 1020, and a third partial objective
1030. Accordingly, projection objective 1000 produces three
pupil planes and two intermediate images. At least one of the
pupil planes is accessible for positioning an aperture stop.

First partial objective 1010 has a total of four mirrors:
mirror S1, mirror S2, mirror S5, and mirror S6. First partial
objective 1010 forms an intermediate image Z1 in or close to
mirror S4.

Second partial objective 1020 has a total of two mirrors:
mirror S3, and mirror S4. Second partial objective 1020 forms
an intermediate image 72 in or close to mirror S3.

Third partial objective 1030 has a total of two mirrors:
mirror SK1, and mirror SK2. Third partial objective 1030
forms an image in or close to image plane 102.

An aperture stop is positioned near mirror S3.

Data for projection objective 1100 is presented in Table 2A
and Table 2B below. Table 2A presents optical data, while
Table 2B presents aspherical constants for each of the mirror
surfaces. For the purposes of Table 2A and Table 2B, the
mirror designations correlate as follows: mirror 1 corre-
sponds to mirror S1; mirror 2 corresponds to mirror S2;
mirror 3 corresponds to mirror S5; mirror 4 corresponds to
mirror S6; mirror 5 corresponds to mirror S3; mirror 6 corre-
sponds to mirror S4; mirror 7 corresponds to the primary
concave mirror SK1; and mirror 8 corresponds to the second-
ary concave mirror SK2.

TABLE 2A

Surface Radius Thickness Mode

Object INFINITY 762.134

Mirror 1 44367.928 -662.134 REFL

Mirror 2 1027.348 717.444 REFL

Mirror 3 122.696 -209.209 REFL

Mirror 4 298.792 645.481 REFL

STOP INFINITY 0.000

Mirror 5 1184.237 -391.582 REFL

Mirror 6 518.111 780.329 REFL

Mirror 7 -834.844 -288.328 REFL

Mirror 8 612.533 357.344 REFL

Image INFINITY 0.000

TABLE 2B

Surface K A B
Mirror 1 0.00000E+00 -7.47500E-11 -1.75668E-16
Mirror 2 0.00000E+00 -1.89057E-11 -2.80932E-17
Mirror 3 0.00000E+00 4.36794E-08 -1.06646E-11
Mirror 4 0.00000E+00 2.82491E-10 8.34214E-15
Mirror 5 0.00000E+00 -3.60521E-09 9.55167E-14
Mirror 6 0.00000E+00 3.17133E-10 1.58610E-15
Mirror 7 0.00000E+00 1.39054E-10 -7.02552E-16
Mirror 8 0.00000E+00 -1.05535E-09 -1.09975E-15
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TABLE 2B-continued

Surface C D E

Mirror 1 3.61103E-22 3.67940E-28 0.00000E+00
Mirror 2 -3.13881E-23 -4.81965E-29 0.00000E+00
Mirror 3 2.88089E-15 1.57635E-18 0.00000E+00
Mirror 4 1.25238E-19 6.61889E-25 4.85405E-29
Mirror 5 —3.43883E-18 -4.42296E-23 -5.96479E-28
Mirror 6 7.12061E-21 2.79827E-26 2.00701E-31
Mirror 7 1.18760E-20 -6.15624E-26 5.37541E-31
Mirror 8 8.52603E-23 3.64425E-26 2.56412E-31

Referring to FIG. 12, an embodiment of a projection objec-
tive 1200 includes eight mirrors 51, S2, S3, S4, S5, S6, SK1,
and SK2, and has an image-side numerical aperture of 0.5 and
an operating wavelength of 13.5 nm. Mirrors S1, S2, S3, S4,
S5, S6, SK1, and SK2 are all aspherical mirrors. Projection
objective 1200 images radiation from object plane 103 to
image plane 102 with a demagnification ratio of 5x and a
resolution of about 17 nm. The optical axis in relation to
which the projection objective is rotationally symmetric is
identified as HA, and the overall length of the system from
object plane 103 to the image plane 102, the lengthwise
dimension, L, is 1,509 mm.

Projection objective 1200 has a ring-segment field. The
image-side field width, d,, is 22 mm. The image-side field
radius, d,, is 12.6 mm. The image-side field length, d,, is 1
mm. Image-side W, . is 0.01A. Image-side field curvature is
2 nm.

The shape of the mirrors in the order of the radiation path
from object plane 103 to image plane 102 is as follows: mirror
S1 is a convex mirror; mirror S2 is a concave mirror; mirror
S5 is a convex mirror; mirror S6 is a concave mirror; mirror
S3 is a convex mirror; mirror S4 is a concave mirror; mirror
SK1 is a concave mirror; and mirror SK2 is a concave mirror.

Mirrors S3, S4, SK1, and SK2 include openings. Opening
Al is located in mirror S3, opening A2 is located in mirror
SK2, opening A3 is located in mirror SK1, and opening A4 is
located in mirror S4. Mirrors S1, S2, S5, and S6 do not
include openings. The resulting obscuration radius that pro-
vides a field-independent obscuration is 35% of the aperture
radius.

The image-side free working distance A is 69 mm. The
object-side free working distance is 104 mm.

The maximum angle of incidence on mirrors S1, S2, S3,
S4, S5, 86, SK1, and SK2 of a chief ray of a central field point
is 23.1°. The maximum angle of incidence of any ray on
mirrors S1, S2, S3, S4, S5, S6, SK1, and SK2 is 26.6°. The
maximum range of incident angles on any of mirrors S1, S2,
S3, 84, S5, S6, SK1, and SK2 is 16.0°.

The size of the largest mirror in meridional section is 394

mm. The size of the largest mirror in the x-direction is 669
mm.
The mirrors are arranged so that projection objective 1200
contains three partial objectives: a first partial objective 1010,
a second partial objective 1020, and a third partial objective
1030. Accordingly, projection objective 1000 produces three
pupil planes and two intermediate images. At least one of the
pupil planes is accessible for positioning an aperture stop.

First partial objective 1010 has a total of four mirrors:
mirror S1, mirror S2, mirror S5, and mirror S6. First partial
objective 1010 forms an intermediate image Z1 in or close to
mirror S4.

Second partial objective 1020 has a total of two mirrors:
mirror S3, and mirror S4. Second partial objective 1020 forms
an intermediate image 72 in or close to mirror S3.
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Third partial objective 1030 has a total of two mirrors:
mirror SK1, and mirror SK2. Third partial objective 1030
forms an image in or close to image plane 102.

An aperture stop is positioned near mirror S3.

Data for projection objective 1200 is presented in Table 3A
and Table 3B below. Table 3A presents optical data, while
Table 3B presents aspherical constants for each of the mirror
surfaces. For the purposes of Table 3A and Table 3B, the
mirror designations correlate as follows: mirror 1 corre-
sponds to mirror S1; mirror 2 corresponds to mirror S2;
mirror 3 corresponds to mirror S5; mirror 4 corresponds to
mirror S6; mirror 5 corresponds to mirror S3; mirror 6 corre-
sponds to mirror S4; mirror 7 corresponds to the primary
concave mirror SK1; and mirror 8 corresponds to the second-
ary concave mirror SK2.

TABLE 3A

Surface Radius Thickness Mode

Object INFINITY 546.051

Mirror 1 1813.761 -442.075 REFL

Mirror 2 659.925 484.056 REFL

Mirror 3 124.229 -230.251 REFL

Mirror 4 297.991 681.239 REFL

STOP INFINITY 0.000

Mirror 5 1044.821 -388.855 REFL

Mirror 6 513.480 790.082 REFL

Mirror 7 -788.712 -300.808 REFL

Mirror 8 679.931 369.811 REFL

Image INFINITY 0.000

TABLE 3B

Surface K A B
Mirror 1 0.00000E+00 -1.19695E-10 -8.52500E-16
Mirror 2 0.00000E+00 -3.36861E-12 -7.92767E-18
Mirror 3 0.00000E+00 9.84422E-08 1.34188E-11
Mirror 4 0.00000E+00 1.55138E-09 3.79123E-14
Mirror 5 0.00000E+00 -4.54986E-09 -1.08708E-13
Mirror 6 0.00000E+00 1.67047E-10 5.41737E-16
Mirror 7 0.00000E+00 5.45494E-10 1.78568E-15
Mirror 8 0.00000E+00 -5.70218E-10 1.44136E-15
Surface C D E
Mirror 1 7.78764E-22 2.36289E-26 0.00000E+00
Mirror 2 -1.47046E-23 -1.76721E-28 0.00000E+00
Mirror 3 1.19275E-15 7.18150E-19 0.00000E+00
Mirror 4 7.88066E-19 1.04079E-23 8.66992E-28
Mirror 5 -1.73422E-18 -5.79768E-23 2.10975E-27
Mirror 6 1.67663E-21 5.27011E-27 2.40781E-32
Mirror 7 9.69823E-21 1.84324E-26 -1.96285E-32
Mirror 8 6.92822E-21 -1.65770E-26 4.86553E-32

Referring to FIG. 13, an embodiment of a projection objec-
tive 1300 includes eight mirrors S1, S2, S3, S4, S5, S6, SK1,
and SK2, and has an image-side numerical aperture of 0.5 and
an operating wavelength of 13.5 nm. Mirrors S1, S2, S3, S4,
S5, S6, SK1, and SK2 are all aspherical mirrors. Projection
objective 1300 images radiation from object plane 103 to
image plane 102 with a demagnification ratio of 6x and a
resolution of about 17 nm. The optical axis in relation to
which the projection objective is rotationally symmetric is
identified as HA, and the overall length of the system from
object plane 103 to the image plane 102, the lengthwise
dimension, L, is 1,508 mm.

Projection objective 1300 has a ring-segment field. The
image-side field width, d,, is 18 mm. The image-side field
radius, d,, is 10.5 mm. The image-side field length, d , is 1
mm. Image-side W, .15 0.006).. Image-side field curvature is
2 nm.
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The shape of the mirrors in the order of the radiation path
from object plane 103 to image plane 102 is as follows: mirror
S1 is a convex mirror; mirror S2 is a concave mirror; mirror
S5 is a convex mirror; mirror S6 is a concave mirror; mirror
S3 is a convex mirror; mirror S4 is a concave mirror; mirror
SK1 is a concave mirror; and mirror SK2 is a concave mirror.

Mirrors S3, S4, SK1, and SK2 include openings. Opening
Al is located in mirror S3, opening A2 is located in mirror
SK2, opening A3 is located in mirror SK1, and opening A4 is
located in mirror S4. Mirrors S1, S2, S5, and S6 do not
include openings. The resulting obscuration radius that pro-
vides a field-independent obscuration is 31% of the aperture
radius.

The image-side free working distance is 69 mm. The
object-side free working distance is 102 mm.

The maximum angle of incidence on mirrors S1, S2, S3,
S4, S5, 86, SK1, and SK2 of a chief ray of a central field point
is 20.0°. The maximum angle of incidence of any ray on
mirrors S1, S2, S3, S4, S5, S6, SK1, and SK2 is 22.3°. The
maximum range of incident angles on any of mirrors S1, S2,
S3, 84, S5, S6, SK1, and SK2 is 13.6°.

The size of the largest mirror in meridional section is 396
mm. The size of the largest mirror in the x-direction is 575
mm.

The mirrors are arranged so that projection objective 1300
contains three partial objectives: a first partial objective 1010,
a second partial objective 1020, and a third partial objective
1030. Accordingly, projection objective 1000 produces three
pupil planes and two intermediate images. At least one of the
pupil planes is accessible for positioning an aperture stop.

First partial objective 1010 has a total of four mirrors:
mirror S1, mirror S2, mirror S5, and mirror S6. First partial
objective 1010 forms an intermediate image Z1 in or close to
mirror S4.

Second partial objective 1020 has a total of two mirrors:
mirror S3, and mirror S4. Second partial objective 1020 forms
an intermediate image 72 in or close to mirror S3.

Third partial objective 1030 has a total of two mirrors:
mirror SK1, and mirror SK2. Third partial objective 1030
forms an image in or close to image plane 102.

An aperture stop is positioned near mirror S3.

Data for projection objective 1300 is presented in Table 4A
and Table 4B below. Table 4A presents optical data, while
Table 4B presents aspherical constants for each of the mirror
surfaces. For the purposes of Table 4A and Table 4B, the
mirror designations correlate as follows: mirror 1 corre-
sponds to mirror S1; mirror 2 corresponds to mirror S2;
mirror 3 corresponds to mirror S5; mirror 4 corresponds to
mirror S6; mirror 5 corresponds to mirror S3; mirror 6 corre-
sponds to mirror S4; mirror 7 corresponds to the primary
concave mirror SK1; and mirror 8 corresponds to the second-
ary concave mirror SK2.

TABLE 4A
Surface Radius Thickness Mode
Object INFINITY 541.176
Mirror 1 1654.286 -438.932 REFL
Mirror 2 662.227 486.164 REFL
Mirror 3 124.521 -234.334 REFL
Mirror 4 296.656 684.148 REFL
STOP INFINITY 0.000
Mirror 5 1078.372 -388.948 REFL
Mirror 6 513.362 789.957 REFL
Mirror 7 -788.995 -300.590 REFL
Mirror 8 680.459 369.601 REFL
Image INFINITY 0.000
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TABLE 4B

Surface K A B

Mirror 1 0.00000E+00 -2.36631E-10 -8.55660E-16
Mirror 2 0.00000E+00 -5.67713E-12 -1.95884E-17
Mirror 3 0.00000E+00 1.11517E-07 1.37540E-11
Mirror 4 0.00000E+00 1.49061E-09 3.64316E-14
Mirror 5 0.00000E+00 -3.81551E-09 -9.20087E-14
Mirror 6 0.00000E+00 1.71591E-10 5.38871E-16
Mirror 7 0.00000E+00 5.11749E-10 1.71998E-15
Mirror 8 0.00000E+00 -5.78016E-10 1.45805E-15
Surface C D E

Mirror 1 -2.47185E-21 7.32017E-26 0.00000E+00
Mirror 2 -5.87523E-23 -3.53329E-28 0.00000E+00
Mirror 3 1.28574E-15 7.20115E-19 0.00000E+00
Mirror 4 7.29870E-19 1.30379E-23 6.71117E-28
Mirror 5 -1.57361E-18 -5.49020E-23 1.99214E-27
Mirror 6 1.53854E-21 4.80288E-27 1.35503E-32
Mirror 7 9.34714E-21 1.84180E-26 -2.13432E-32
Mirror 8 7.06565E-21 -1.76539E-26 4.32302E-32

Referring to FIG. 14, an embodiment of a projection objec-
tive 1400 includes eight mirrors S1, S2, S3, S4, S5, S6, SK1,
and SK2, and has an image-side numerical aperture of 0.5 and
an operating wavelength of 13.5 nm. Mirrors S1, S2, S3, S4,
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The maximum angle of incidence on mirrors S1, S2, S3,
S4, S5, 86, SK1, and SK2 of a chief ray of a central field point
is 15.9°. The maximum angle of incidence of any ray on
mirrors S1, S2, S3, S4, S5, S6, SK1, and SK2 is 17.9°. The
maximum range of incident angles on any of mirrors S1, S2,
S3, S4, S5, S6, SK1, and SK2 is 10.6°.

The size of the largest mirror in meridional section is 574
mm. The size of the largest mirror in the x-direction is 602
mm.

The mirrors are arranged so that projection objective 1400
contains three partial objectives: a first partial objective 1010,
a second partial objective 1020, and a third partial objective
1030. Accordingly, projection objective 1000 produces three
pupil planes and two intermediate images. At least one of the
pupil planes is accessible for positioning an aperture stop.

First partial objective 1010 has a total of four mirrors:
mirror S1, mirror S2, mirror S5, and mirror S6. First partial
objective 1010 forms an intermediate image Z1 in or close to
mirror S4.

Second partial objective 1020 has a total of two mirrors:
mirror S3, and mirror S4. Second partial objective 1020 forms
an intermediate image 72 in or close to mirror S3.

S5, S6, SK1, and SK2 are all aspherical mirrors. Projection 25 . . . . .
objective 1000 images radiatiorf from object plane J103 to .Thlrd partial ObJ?Cthe 1030 ha}s 4 tote}l of t.wo.mlrrors.
image plane 102 with a demagnification ratio of 8% and a Iirror SKI’ and frror SKZ', Third partial objective 1030
resolution of about 17 nm. The optical axis in relation to forms an image in or close to image plane 102.
which the projection objective is rotationally symmetric is An aperture stop is positioned near mirror S3.
identified as HA, and the overall length of the system from 30 Py, for projection objective 1400 is presented in Table SA
ObJeCt Plane 1.03 to the image plane 102, the lengthwise and Table 5B below. Table 5A presents optical data, while
dm}ien.smtr.l, L, lli ,2’(190 nllzn() 0 h . ¢ field. Th Table 5B presents aspherical constants for each of the mirror
s st 10 s o g suent L T e, ot s of Tl 54 nd Tl 5. s
radius, d . is 10.5 mm. The image-side field length, d_, is 1 35 mirror demgpatlons corr.elate as follows: mirror .1 corre-
mm. II,na:g,e-side W....+18 0.033A. Image-side field cur,va{:lreis SPO nds to mirror S81; farror 2 corres ponds to mirror S2:
7 nm. mirror 3 corresponds to mirror S5; mirror 4 corresponds to
The shape of the mirrors in the order of the radiation path mirror S6; Murror S corr e.sponds to mirror 83; mirror 6 corre-
from object plane 103 to image plane 102 is as follows: mirror ~ Sponds to mirror S4; mirror 7 corresponds to the primary
S1 is a convex mirror; mirror S2 is a concave mitror; mirror 40 concave mirror SK1; and mirror 8 corresponds to the second-
S5 is a convex mirror; mirror S6 is a concave mirror; mirror ary concave mirror SK2.
S3 is a convex mirror; mirror S4 is a concave mirror; mirror
SK1 is a concave mirror; and mirror SK2 is a concave mirror. TABLE 5A
Mirror S1 has a very large radius of curvature such as, for Surt Radi Thickn Mod
example, a radius of curvature greater than 10 m. Mirror S1 45 uriace aome Lomess o
may be substituted by a planar mirror or a concave mirror with Object INFINITY 718.810
similarly large radius of curvature in some embodiments. Mirror 1 15385.939 -618.810 REFL
Mirrors S3, S4, SK1, and SK2 include openings. Opening ﬁiggi; 1?2‘;??3 _222';2 g?ﬂ
Al is located in mirror S3, opening A2 is located in mirror Mirror 4 330.139 870.985 REFL
SK2, opening A3 is located in mirror SK1, and opening A4 is 50 STOP INFINITY 0.000
located in mirror S4. Mirrors S1, S2, S5, and S6 do not Mirror 5 1943.227 -572412 REFL
include openings. The resulting obscuration radius that pro- ﬁ?mrg B 1322'222 Béé;g; g?ﬂ
Vig?S a field-independent obscuration is 21% of the aperture MES; 3 063,397 530.863 REFL
radius. Image INFINITY 0.000
The image-side free working distance is 61 mm. The 55 £
object-side free working distance is 100 mm.
TABLE 5B
Surface K A B C
Mirror 1 0.00000E+00 1.03935E-09 2.87706E-15 2.44500E-21
Mirror 2 0.00000E+00 1.49306E-10 4.00929E-18 1.48243E-22
Mirror 3 0.00000E+00 1.18016E-07  —3.53495E-12  -4.55098E-17
Mirror 4 0.00000E+00  —2.54082E-09 5.38905E-15  -4.39113E-19
Mirror 5 0.00000E+00  -4.90575E-10  -1.53636E-14  —6.47129E-19
Mirror 6 0.00000E+00 1.36782E-10 1.60457E-16  -3.92581E-25
Mirror 7 0.00000E+00 1.87167E-10 7.58028E-16 1.89696E-21
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TABLE 5B-continued

Mirror 8 0.00000E+00 -3.76514E-10 1.37610E-15 1.26961E-21
Surface D E F G

Mirror 1 -2.92087E-26 1.22174E-30 -2.07471E-36 0.00000E+00
Mirror 2 4.70420E-28 -1.12401E-33 1.99786E-39 0.00000E+00
Mirror 3 4.31101E-19 -1.46428E-31 2.97986E-26 0.00000E+00
Mirror 4 1.06326E-23 -1.79423E-28 -1.59791E-33 0.00000E+00
Mirror 5 -3.42940E-24 -1.75351E-28 8.76415E-33 0.00000E+00
Mirror 6 -2.81150E-29 -4.22172E-33 2.23604E-38 0.00000E+00
Mirror 7 7.95754E-27 -8.87929E-33 —5.33665E-40 0.00000E+00
Mirror 8 -6.32171E-27 -3.06485E-32 1.56764E-37 0.00000E+00

Referring to FIG. 15A, an embodiment of a projection

a second partial objective 1020, and a third partial objective

15
objective 1500 includes eight mirrors S1, S2, S3, S4, S5, S6, 1030. Accordingly, projection objective 1000 produces three
SK1, and SK2, and has an image-side numerical aperture of pupil planes and two intermediate images. At least one of the
0.6 and an operating wavelength of 13.5 nm. Mirrors S1, S2, pupil planes is accessible for positioning an aperture stop.
S3’.S4’. S5, $6’ .SKI’ anq SK2 are.al.l aspherlcal. [IUFTOLS. First partial objective 1010 has a total of four mirrors:
Projection objective 1500 images radiation from object plane o . . . . . .
. . . . . mirror S1, mirror S2, mirror S5, and mirror S6. First partial
103 to image plane 102 with a demagnification ratio of 8x and L . . .
. - o - objective 1010 forms an intermediate image Z1 in or close to
a resolution of about 14 nm. The optical axis in relation to : 4
which the projection objective is rotationally symmetric is UITor 4.
identified as HA, and the overall length of the system from Second partial objective 1020 has a total of two mirrors:
object plane 103 to the image plane 102, the lengthwise »5 mirror S3,and mirror S4. Second partial objective 1020 forms
dimension, L, is 2,500 mm. an intermediate image 72 in or close to mirror S3.
. PrOJegtlon obJec.tlve 150(,) has a rng-segment ﬁ?Id' The Third partial objective 1030 has a total of two mirrors:
image-side field width, d,, is 13 mm. The image-side field . - - - s
. . > . . mirror SK1, and mirror SK2. Third partial objective 1030
radius, d,, is 15.0 mm. The image-side field length, d , is 1 forms an imaee in or close to image plane 102
mm. Image-side W, 15 0.017A. Image-side field curvatureis 3q g g°p ’
1 nm. Data for projection objective 1500 is presented in Table 6A
The shape of the mirrors in the order of the radiation path and Table 6B below. Table 6A presents optical data, while
from object plane 103 to image plane 102 is as follows: mirror Table 6B presents aspherical constants for each of the mirror
S1 is a convex mirror; mirror S2 is a concave mirror; mirror surfaces. For the purposes of Table 6A and Table 6B, the
S5 is a convex mirror; mirror S6 is a concave mirror; mirror 35 mirror designations correlate as follows: mirror 1 corre-
S3 is a convex mirror; mirror S4 is a concave mirror; mirror sponds to mirror S1; mirror 2 corresponds to mirror S2;
SK1 is a concave mirror; and mirror SK2 is a concave mirror. mirror 3 corresponds to mirror S5; mirror 4 corresponds to
Mirror s S3, .S4, SKI, and SK2 .include.openings. .Opeping mirror S6; mirror 5 corresponds to mirror S3; mirror 6 corre-
Al is locaFed in mirror S3,.0pe1.11ng A2 is located in mirror sponds to mirror S4; mirror 7 corresponds to the primary
SK2, opening A3 is located in mirror SK1, and opening A41s 40 concave mirror SK1; and mirror 8 corresponds to the second-
1ocated in mirror S4. M1rrqrs S1, S2, SS, anq S6 do not ary concave mirror SK2.
include openings. The resulting obscuration radius that pro-
. . S
Vld.eS a field-independent obscuration is 22% of the aperture TABLE 6A
radius.
The image-side free working distance is 55 mm. The 45 Surface Radius Thickness Mode
object-side free working distance is 100 mm. :
The maximum angle of incidence on mirrors S1, S2, S3, 1(\)/12:5;1 INI;IEIOTQ? _fz ;2 22 REFL
S4, S5,S86, SK1, and SK2ofa chlefray.ofa central field point Mirror 2 503,282 1033.640 REFL
is 28.3°. The maximum angle of incidence of any ray on Mirror 3 319.62 _732.625 REFL
mirrors S1, S2, S3, S4, S5, S6, SK1, and SK2 is 36.6°. The s¢ Mirror 4 847.883 1465.334 REFL
maximum range of incident angles on any of mirrors S1, S2, STOP INFINITY 0.000
S3. S4. S5. S6. SK1. and SK2 is 16.6°. Mirror 5 2114.302 -643.385 REFL
The size of the largest mirror in meridional section is 778 Mirror 6 842.763 1221.637 REFL
. . . R Mirror 7 -1165.231 -498.252 REFL
mm. The size of the largest mirror in the x-direction is 806 Mirror 8 1000.806 553,650 REFL
mm. 55 Image INFINITY 0.000
The mirrors are arranged so that projection objective 1500
contains three partial objectives: a first partial objective 1010,
TABLE 6B
Surface K A B C
Mirror 1 0.00000E+00  -1.77573E-09 3.48952E-15  -6.57559E-19
Mirror 2 0.00000E+00  -1.90688E-10  -1.12202E-16  -8.55933E-21
Mirror 3 0.00000E+00 8.18543E-09 1.94772E-13  -1.20733E-17
Mirror 4 0.00000E+00  -6.32144E-11  -3.16379E-17  -1.24533E-22
Mirror 5 0.00000E+00 5.20532E-10  -3.03678E-15 5.56242E-21
Mirror 6 0.00000E+00 8.24359E-11 1.21698E-16 1.72019E-22
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TABLE 6B-continued

Mirror 7 0.00000E+00 1.04209E-10 5.94759E-17 3.29996E-22
Mirror 8 0.00000E+00 -2.52357E-10 8.47992E-17 5.92488E-22
Surface D E F

Mirror 1 2.03449E-23 —-3.58406E-28 2.56981E-33 0.00000E+00
Mirror 2 4.01912E-26 -1.85143E-31 0.00000E+00 0.00000E+00
Mirror 3 5.33524E-21 -1.38304E-24 1.60705E-28 0.00000E+00
Mirror 4 2.11929E-28 -1.37968E-33 4.50488E-39 0.00000E+00
Mirror 5 -2.48900E-25 4.49855E-30 -1.02965E-34 0.00000E+00
Mirror 6 2.88661E-28 2.26755E-34 1.46632E-39 0.00000E+00
Mirror 7 —9.32494E-29 7.01284E-34 1.83576E-39 0.00000E+00
Mirror 8 -1.30631E-27 1.75865E-33 6.32541E-40 0.00000E+00

. . L. 15 L. . .
Referring to FIG. 15B, an embodiment of a projection objective 1000 produces three pupil planes and two interme-
objective 1510 includes eight mirrors SP1-SP8, and has an diate images. At least one of the pupil planes is accessible for
image-side numerical aperture of 0.6 and an operating wave- positioning an aperture stop. At least one of the pupil planes
length of 13.5 nm. Mirrors SP1-SP8 are all aspherical mir- is accessible for positioning an obscuration stop, at the posi-
rors. Projection objective 1510 images radiation from object 5, tion of mirror SP2, for example.
plane 103 to image plane 102 with a demagnification ratio of First partial objective 1010 has a total of six mirrors: mirror
8x %ﬂd a resglutlon of.abc.)ut 14 nm. T.'he oppcal axis in SP1, mirror SP2, mirror SP3, mirror SP4, mirror SP5, and
relation to which the projection objective is rotationally sym-  mjrror SP6. First partial objective 1010 forms an intermediate
metric is identified as HA, and the overall length of the system image Z1. First partial objective 1010 also forms an interme-
fr.om object ple}ne 103 to the image plane 102, the lengthwise 55 djate image 72.
dm}ien.smr.l, L, lli ,2’090 nlusnl'o b . field. Th An aperture stop B is positioned on or close to mirror SP2.
| Projection objective ) has a ring-segment field. 1he In this embodiment, aperture stop B can be alternatively be
image-side field width, d,, is 13 mm. The image-side field - - .
. . > . . positioned between mirrors SP7 and SP8, because a conju-
radius, d,, is 26.5 mm. The image-side field length, d , is 1 .
; . . . gate stop plane is located there.
mm. Image-side W, .15 0.018\. Image-side field curvatureis 3, . N . .
5 Data for projection objective 1510 is presented in Table 7A
oy d Table 7B below. Table 7A ts optical data, whil
The shape of the mirrors in the order of the radiation path and lablie clow. lable presents optical data, while
from object plane 103 to image plane 102 is as follows: mirror Table 7B presents aspherical constants for each of the mirror
SP1 is a concave mirror; mirror SP2 is a concave mirror; surfaces. For the purposes of Table 7A and Table 7B, the
mirror SP3 is a convex mirror; mirror SP4 is a concave mirror; 35 MWTOr demgnatlons corr.elate as follows: mirror 1 corre-
mirror SP5 is a convex mirror; mirror SP6 is a concave mirror; sppnds to mirror SP1; muror 2 corresponds to mirror SP2;
mirror SP7 is a concave mirror; and mirror SP8 is a concave mirror 3 corresponds to mirror SP3; mirror 4 corresponds to
mirror. mirror SP4; mirror 5 corresponds to mirror SP5; mirror 6
Mirrors SP7 and SP8 include openings. Mirrors SP1-SP6 corresponds to mirror SP6; mirror 7 corresponds to mirror
donotinclude openings. The resulting obscuration radius that ,, SP7; and mirror 8 corresponds to mirror SP8.
provides a field-independent obscuration is 22% of the aper-
ture radius. TABLE 7A
The image-side free working distance is 15 mm. The . .
object-side free working distance is 100 mm. Surface Radius Thickness Mode
The maximum angle of incidence on mirrors SP1-SP8 of'a 45 Object INFINITY 922.791
chief ray of a central field point is 30.1°. The maximum angle Mirror 1 -3699.835 -722.791 REFL
of incidence of any ray on mirrors SP1-SP8 is 31.5°. The ;EOP s 11‘111;;1216?2( 722-28? REFL
. . . . 1rror . -
max1m;1m range of incident angles on any of mirrors SP1-SP8 Mirror 3 326 604 909,509 REFL
is 29.0°. Mirror 4 495.849 808.165 REFL
The size of the largest mirror in meridional section is 621 s, Mirror 5 268.532 -498.566 REFL
mm. The size of the largest mirror in the x-direction is 668 Mirror 6 545.559 962.209 REFL
Mirror 7 -1362.684 -455.200 REFL
mm. . . Mirror 8 753.748 470200 REFL
The mirrors are arranged so that projection objective 1510 Image INFINITY 0.000
contains two partial objectives: a first partial objective 1010,
and a second partial objective 1020. Accordingly, projection
TABLE 7B
Surface K A B C
Mirror 1 0.00000E+00 4.62106E-10  —1.60960E~15 5.15302E-21
Mirror 2 0.00000E+00 534180E-11  -1.73246E-15 8.91595E-20
Mirror 3 0.00000E+00  -3.78083E-09  -1.60946E-14 1.44926E-18
Mirror 4 0.00000E+00 1.29725E-10  -4.33242E-15 3.55197E-20
Mirror 5 0.00000E+00  -5.41995E-09 5.52456E-13 2.52759E-17
Mirror 6 0.00000E+00  -3.73334E-11  -1.02668E-16  —2.99968E-22
Mirror 7 0.00000E+00 7.83478E-10 1.90282E-15 4.06118E-21
Mirror 8 0.00000E+00 1.12087E-10 2.96721E-16 6.94605E-22
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TABLE 7B-continued

Surface D E F G

Mirror 1 —4.68484E-26 7.39174E-31 -4.68562E-36 0.00000E+00
Mirror 2 —1.14886E-23 5.55335E-28 -1.14958E-32 0.00000E+00
Mirror 3 -6.49583E-23 1.53314E-27 -1.44417E-32 0.00000E+00
Mirror 4 -1.55220E-25 2.37719E-32 1.28111E-36 0.00000E+00
Mirror 5 8.89081E-22 3.94133E-26 -4.47051E-30 0.00000E+00
Mirror 6 -1.44127E-27 2.92660E-33 —3.35888E-38 0.00000E+00
Mirror 7 8.72416E-27 4.28608E-32 2.15963E-37 0.00000E+00
Mirror 8 1.93827E-27 -5.92415E-34 2.66223E-38 0.00000E+00

Referring to FIG. 15C, an embodiment of a projection
objective 1520 includes eight mirrors SP1-SP8, and has an
image-side numerical aperture of 0.6 and an operating wave-
length of 13.5 nm. Mirrors SP1-SP8 are all aspherical mir-
rors. Projection objective 1520 images radiation from object
plane 103 to image plane 102 with a demagnification ratio of
8x and a resolution of about 14 nm. The optical axis in

15

objective 1000 produces three pupil planes and two interme-
diate images. At least one of the pupil planes is accessible for
positioning an aperture stop.

First partial objective 1010 has a total of six mirrors: mirror
SP1, mirror SP2, mirror SP3, mirror SP4, mirror SP5, and
mirror SP6. First partial objective 1010 forms an intermediate
image Z1. First partial objective 1010 also forms an interme-

relation to which the projection objective is rotationally sym- 20 diate image 72.

metric is identified as HA, and the overall length of the system An aperture stop B is positioned between concave mirrors
from Object plane 103 to the image plane 102, the lengthwise SP7 and SP8. In the current embodiment, the mirror with the
dimension, L, is 1,846 mm. shortest axial distance to object plane 103, as measured along

Projection objective 1520 has a ring-segment field. The s the principal axis HA of the objective, is not mirror SP2 but
image-side field width, d_, is 13 mm. The image-side field mirror SP4. As a result, a particularly long drift distance is
radius, d,, is 16.25 mm. The image-side field length, d,,, is 1 made available between fourth mirror SP4 and fifth mirror
mm. Image-side W, . is 0.015A. Image-side field curvature is SP5, which has the consequence that the angles of incidence
1 nm. on the mirrors SP4 and SP5 are small.

The shape of the mirrors in the order of the radiation path 30 ~ Data for projection objective 1520 is presented in Table 8A
from object plane 103 to image plane 102 is as follows: mirror and Table 8B below. Table 8A presents optical data, while
SP1 is a concave mirror; mirror SP2 is a concave mirror; Table 8B presents aspherical constants for each of the mirror

. . Vo . L surfaces. For the purposes of Table 8A and Table 8B, the
mirror SP3 is a convex mirror; mirror SP4 is a concave mirror; . . . R

. . . . . . mirror designations correlate as follows: mirror 1 corre-
muror SP5 15 2 CONVEX MIITOr; MIITor SP6 1s aconcave mirror, sponds to mirror SP1; mirror 2 corresponds to mirror SP2;
mirror SP7 is a concave mirror; and mirror SP8 is a concave 3% 1003 corresponds to mirror SP3; mirror 4 corresponds to
mirror. mirror SP4; mirror 5 corresponds to mirror SP5; mirror 6

Mirrors SP7 and SP8 include openings. Mirrors SP1-SP6 corresponds to mirror SP6; mirror 7 corresponds to mirror
do notinclude openings. The resulting obscuration radius that SP7; and mirror 8 corresponds to mirror SP8.
provides a field-independent obscuration is 29% of the aper-
ture radius. 40 TABLE 8A

The image-side free working distance is 40 mm. The i i
object-side free working distance is 322 mm. Surface Radius Thickness Mode

The maximum angle of incidence on mirrors SP1-SP8 of a Object INFINITY 798.296
chief ray of a central field point is 21.0°. The maximum angle Mirror 1 -1827.312 -361.283 REFL
of incidence of any ray on mirrors SP1-SP8 is 25.2°. The * Mirror 2 2771147 361.283 REIT.

. s S . Mirror 3 316.676 -476.449 REFL
maximum range of incident angles on any of mirrors SP1-SP8 Mirror 4 775.124 1039.440 REFL
is 24.9°. Mirror 5 372.661 -462.991 REFL

The size of the largest mirror in meridional section is 682 Mirror 6 471.732 908.105 REFL
mm. The size of the largest mirror in the x-direction is 694 Mirror7 ~8480.523 -146.460 REFL

50 STOP INFINITY -357.622
mm. Mirror 8 715.42 544.082 REFL

The mirrors are arranged so that projection objective 1520 Image INFINITY 0.000
contains two partial objectives: a first partial objective 1010,
and a second partial objective 1020. Accordingly, projection

TABLE 8B

Surface K A B C

Mirror 1 0.00000E+00  —1.45626E-09 6.40290E-16 2.94780E-20
Mirror 2 0.00000E+00 9.31344E-09 1.78433E-13 6.07073E-18
Mirror 3 0.00000E+00 1.20767E-09 4.63422E-14 1.06360E-18
Mirror 4 0.00000E+00  -3.94048E-12  -4.34341E-18  —2.29083E-24
Mirror 5 0.00000E+00 7.23867E-08 4.59128E-12 4.03493E-16
Mirror 6 0.00000E+00 4.58357E-10 4.09942E-15 3.25541E-20
Mirror 7 0.00000E+00 7.13645E-10  -4.17082E-15 1.96723E-20
Mirror 8 0.00000E+00  -2.07223E-11  -3.53129E-17  -8.11682E-23
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TABLE 8B-continued

Surface D E F G

Mirror 1 3.73960E-25 -1.56367E-30 0.00000E+00 0.00000E+00
Mirror 2 -1.28696E-21 1.16367E-25 -4.40517E-30 0.00000E+00
Mirror 3 1.78247E-23 4.71695E-28 1.30944E-32 0.00000E+00
Mirror 4 -6.39796E-30 1.00689E-35 0.00000E+00 0.00000E+00
Mirror 5 4.83186E-20 -2.96561E-32 1.74256E-27 0.00000E+00
Mirror 6 2.52331E-25 2.36217E-30 1.50441E-35 0.00000E+00
Mirror 7 -2.00951E-26 -4.39472E-31 2.79897E-36 0.00000E+00
Mirror 8 3.99332E-29 -5.92386E-34 1.39149E-39 0.00000E+00

Referring to FIG. 15D, an embodiment of a projection
objective 1530 includes eight mirrors SP1-SP8, and has an
image-side numerical aperture of 0.6 and an operating wave-
length of 13.4 nm. Mirrors SP1-SP8 are all aspherical mir-
rors. Projection objective 1530 images radiation from object
plane 103 to image plane 102 with a demagnification ratio of
8x and a resolution of about 14 nm. The optical axis in
relation to which the projection objective is rotationally sym-
metric is identified as HA, and the overall length of the system
from object plane 103 to the image plane 102, the lengthwise
dimension, L, is 2,000 mm.

Projection objective 1530 has a ring-segment field. The

15

20

diate images. At least one of the pupil planes is accessible for
positioning an aperture stop. At least one of the pupil planes
is accessible for positioning an obscuration stop. For
example, an obscuration stop can be positioned between mir-
rors SP1 and SP2.

First partial objective 1010 has a total of six mirrors: mirror
SP1, mirror SP2, mirror SP3, mirror SP4, mirror SP5, and
mirror SP6. First partial objective 1010 forms an intermediate
image Z1. First partial objective 1010 also forms an interme-
diate image 72.

An aperture stop B is positioned between concave mirrors

image-side field width, d_, is 13 mm. The image-side field 25 Sp7 an.d.SPS. Insome eml?odiments, aperture stop B can also
radius, d,, is 18.75 mm. The image-side field length, d,, is 1 be. positioned be.tween mirrors SP1 and SP2, or directly on
mm. Image-side W, ,_is 0.025). Image-side field curvatureis ~ mirror SP1, or directly on mirror SP2.
5 nm. Data for projection objective 1530 is presented in Table 9A
The shape of the mirrors in the order of the radiation path 30 and Table 9B below. Table 9A presents optical data, while
from object plane 103 to image plane 102 is as follows: mirror Table 9B presents aspherical constants for each of the mirror
SP1is a concave mirror; mirror SP2 is a convex mirror; mirror surfaces. For the purposes of Table 9A and Table 9B, the
SP3 is a concave mirror; mirror SP4is a convex mirror; mirror mirror designations correlate as follows: mirror 1 corre-
SP5is a convex mirror; mirror SP6 is a concave mirror; mirror sponds to mirror SP1; mirror 2 corresponds to mirror SP2;
SP7 is a concave mirror; and mirror SP8 is a concave mirror. 35 mirror 3 corresponds to mirror SP3; mirror 4 corresponds to
Mirrors SP7 and SP8 include openings. Mirrors SP1-SP6 mirror SP4; mirror 5 corresponds to mirror SP5; mirror 6
do notinclude openings. The resulting obscuration radius that corresponds to mirror SP6; mirror 7 corresponds to mirror
provides a field-independent obscuration is 26% of the aper- SP7; and mirror 8 corresponds to mirror SP8.
ture radius.
The image-side free working distance is 41 mm. The 0 TABLE 9A
object-side free working distance is 402 mm.
The maximum angle of incidence on mirrors SP1-SP8 of a Surface Radius Thickness Mode
chief ray of a central field point is 26.1°. The maximum angle Object INFINITY 880.361
of incidence of any ray on mirrors SP1-SP8 is 29.8°. The Mirror 1 -875.368 -478.259 REFL
maximum range of incident angles on any of mirrors SP1-SP8 Mirror 2 -690.520 1092.679 REFL
is 21.0°. 45 Mirror 3 -977.378 -551.779 REFL
. . . o . Mirror 4 -833.448 458.600 REFL
The size of the largest mirror in meridional section is 753 Mirror 5 358.753 _471.240 REFL
mm. The size of the largest mirror in the x-direction is 765 Mirror 6 523.860 1028.166 REFL
mm. Mirror 7 -5262.591 -149.862 REFL
Thf: mirrors are arrar}geq so that project.ion obj ecFive 1530 S0 ;ngr Q INI;EIES{ _ggg:}é? REFL
contains two partial objectives: a first partial objective 1010, Image INFINITY 0.000
and a second partial objective 1020. Accordingly, projection
objective 1530 produces three pupil planes and two interme-
TABLE 9B
Surface K A B C
Mirror 1 0.00000E+00  -9.68983E-11 1.30663E-15  —4.94071E-20
Mirror 2 0.00000E+00 2.94527E-09 9.63566E-14  -4.32741E-18
Mirror 3 0.00000E+00  —1.03936E-10 536156E-16  -1.65908E-21
Mirror 4 0.00000E+00 1.24373E-09 2.24555E-14  -3.21919E-18
Mirror 5 0.00000E+00 4.32193E-08 1.67170E-12 9.36696E-17
Mirror 6 0.00000E+00 6.52219E-12  -3.83205E-16  —1.68489E-21
Mirror 7 0.00000E+00 4.88652E-10 1.07810E-15 2.49482E-21
Mirror 8 0.00000E+00 1.69034E-11 8.05549E-17 1.52452E-22
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TABLE 9B-continued

Surface D E F G

Mirror 1 -3.11075E-25 7.43387E-30 -1.22653E-34 0.00000E+00
Mirror 2 -1.24960E-22 1.48734E-26 -4.81981E-31 0.00000E+00
Mirror 3 3.13335E-27 -3.65847E-33 2.78395E-39 0.00000E+00
Mirror 4 1.45549E-22 -2.80273E-27 1.97890E-32 0.00000E+00
Mirror 5 1.12895E-20 -5.38537E-25 2.00528E-28 0.00000E+00
Mirror 6 -4.41623E-27 5.82970E-33 -9.43009E-38 0.00000E+00
Mirror 7 7.45586E-27 1.58318E-33 2.42322E-37 0.00000E+00
Mirror 8 3.07949E-28 3.98761E-35 2.18360E-39 0.00000E+00

Referring to FIG. 15E, an embodiment of a projection
objective 1540 includes eight mirrors SP1-SP8, and has an

objective 1000 produces three pupil planes and two interme-
diate images. At least one of the pupil planes is accessible for

image-side numerical aperture of 0.7 and an operating wave- 1° positioning an aperture stop. At least one of the pupil planes
length of 13.5 nm. Mirrors SP1-SP8 are all aspherical mir- is accessible for positioning an obscuration stop. For
rors. Projection objective 1540 images radiation from object example, an obscuration stop can be positioned between mir-
plane 103 to image plane 102 with a demagnification ratio of rors SP1 and SP2.
8x and a resolution of about 12 nm. The optical axis in ,  Firstpartial objective 1010 has a total of six mirrors: mirror
relatl.or.l to Whl.Ch the projection objective is rotationally sym- SP1, mirror SP2, mirror SP3, mirror SP4, mirror SP5, and
;netr 1c ;)S 1den;1ﬁed as HA’;n(.i the oveir all lengthhoflthe Si’lSt?m mirror SP6. First partial objective 1010 forms an intermediate
rom object plane 103 to the image plane 102, the lengthwise image 71 in a position between mirrors SP2 and SP3, and at
dimension, L, is 1,974 mm. . . . .
. LT . a lower border of mirror SP4. This configuration permits the

Projection objective 1540 has a ring-segment field. The . . .

. : . . . . 25 ray-bundle cross section at mirror SP4 to be kept small. First
image-side field width, d,, is 13 mm. The image-side field artial obiective 1010 also f it diate 72
radius, d,, is 18.0 mm. The image-side field length, d , is 1 partial objective also forms an Intermediate 1mage £.2.
mm. Image-side W, .is 0.021). Image-side field curvature is An aperture stop B is positioned between concave mirrors
1 nm. SP7 and SP8.

The shape of the mirrors in the order of the radiation path | Daga for projection objective 1540 is presented in Table
ggrln ,ObJ ectplane 103 to 1I.nag.e planSePIZO; is as follows: II?II‘I‘OI.' 10A and Table 10B below. Table 10A presents optical data,

. 18 @ colicave IiITor, mitror 18 a concave Mmiror; while Table 10B presents aspherical constants for each of the
mirror SP3 is a concave mirror; mirror SP4 is a convex mirror; .

. . . . . . mirror surfaces. For the purposes of Table 10A and Table 10B,
mirror SP5 is a convex mirror; mirror SP6 is a concave mirror; . . . .

. . . . . the mirror designations correlate as follows: mirror 1 corre-
mirror SP7 is a concave mirror; and mirror SP8 is a concave . . .

. . . . . 35 sponds to mirror SP1; mirror 2 corresponds to mirror SP2;
mirror. The radius of curvature of mirror SP2 is sufficiently . 3 p) . SP3: mi 4 g
large that a planar mirror, or a concave mirror having a simi- m%rror correspon $ to murror ’ mlrr. or correqun sto
larly large radius of curvature, can also be used. mirror SP4; mirror 5 corresponds to mirror SP5; mirror 6

Mirrors SP7 and SP8 incluzie openings. Mirrors SP1-SP6 corresponds to mirror SP6; mirror 7 corresponds to mirror
do not include openings. The resulting obscuration radius that SP7; and mirror 8 corresponds to mirror SP8.
provides a field-independent obscuration is 23% of the aper-
ture radius. TABLE 10A

f['he 1mage-51de fr.ee Wprkmg .dlstance is 41 mm. The Surface Radius Thickness Mode
object-side free working distance is 100 mm.

The maximum angle of incidence on mirrors SP1-SP8 of a 45 Object INFINITY 810.260
chief ray of a central field point is 23.9°. The maximum angle Mirror 1 -1005.764 ~710.260 REFL

f incid f any ray on mirrors SP1-SP8 is 26.7°. The Mirror 2 9426007 1272.991 REFL
ol mcidence ol any ray , o Mirror 3 -1182.815 -429.596 REFL
maximum range of incident angles on any of mirrors SP1-SP8 Mirror 4 ~11133.428 450.166 REFL
is 23.3°. Mitror § 186.619 -433.300 REFL

The size of the largest mirror in meridional section is 904 Mirror 6 477.126 972.102 REFL
mm. The size of the largest mirror in the x-direction is 916 Mirror’7 —4183.615 ~150.374 REFL

’ 2 STOP INFINITY -408.999
mm. o o Mirror 8 818.267 600.845 REFL

The mirrors are arranged so that projection objective 1540 Image INFINITY 0.000
contains two partial objectives: a first partial objective 1010,
and a second partial objective 1020. Accordingly, projection

TABLE 10B

Surface K A B C

Mitror 1 0.00000E+00 3.11825E-10 3.24549E-15  -6.83571E-20
Mirror 2 0.00000E+00  -2.27912E-09  -4.60552E-15  -2.48079E-19
Mirror 3 0.00000E+00  -5.54875E-11 1.84013E-16  -8.66678E-22
Mirror 4 0.00000E+00  -3.87307E-10 1.79298E-15  -3.85784E-20
Mitror § 0.00000E+00  -5.50749E-10  -6.08907E~13 4.73842E-17
Mirror 6 0.00000E+00 4.07407E-10 2.55564E-15 1.36374E-20
Mirror 7 0.00000E+00 3.47533E-10 3.22160E-16 1.16439E-21
Mirror 8 0.00000E+00  -1.97225E-11 2.09194E-17 8.09962E-23




US 9,304,407 B2

40

39
TABLE 10B-continued

Surface D E F G

Mirror 1 1.72371E-24 -4.87613E-29 5.82893E-34 0.00000E+00
Mirror 2 6.51533E-24 -1.43666E-28 1.04325E-33 0.00000E+00
Mirror 3 1.11987E-27 0.00000E+00 0.00000E+00 0.00000E+00
Mirror 4 3.55401E-25 -1.54989E-30 0.00000E+00 0.00000E+00
Mirror 5 -1.32381E-20 2.64772E-24 -2.26591E-28 0.00000E+00
Mirror 6 9.58842E-26 -5.38128E-32 7.68501E-36 0.00000E+00
Mirror 7 6.85290E-28 3.55319E-33 2.83137E-38 0.00000E+00
Mirror 8 9.92467E-29 6.06015E-34 -1.21955E-39 3.99272E-45

Referring to FIG. 16, an embodiment of a projection objec-
tive 1600 includes ten mirrors S10, S20, S30, S40, S50, S60,
S70, S80, SK1, and SK2, and has an image-side numerical
aperture of 0.75 and an operating wavelength of 13.5 nm.
Mirrors S10, S20, S30, S40, S50, S60, S70, S80, SK1, and
SK2 are all aspherical mirrors. Projection objective 1600
images radiation from object plane 103 to image plane 102
with a demagnification ratio of 8x and a resolution of about 11
nm. The optical axis in relation to which the projection objec-
tive is rotationally symmetric is identified as HA, and the
overall length of the system from object plane 103 to the
image plane 102, the lengthwise dimension, L, is 2,508 mm.

Projection objective 1600 has a ring-segment field. The
image-side field width, d,, is 13 mm. The image-side field
radius, d,, is 30.75 mm. The image-side field length, d,, is 1
mm. Image-side W, .15 0.013A. Image-side field curvature is
less than 1 nm.

The shape of the mirrors in the order of the radiation path
from object plane 103 to image plane 102 is as follows: mirror
S10is a convex mirror; mirror S20 is a concave mirror; mirror
S50 is a convex mirror; mirror S60 is a concave mirror; mirror
S70 is a concave mirror; mirror S80 is a convex mirror; mirror
S30 is a convex mirror; mirror S40 is a concave mirror; mirror
SK1 is a concave mirror; and mirror SK2 is a concave mirror.
Mirror S10 has a radius of curvature larger than 10,000 mm.

In some embodiments, mirror S10 can be replaced with a
planar mirror, or a concave mirror having a similarly large
radius of curvature. For example, in some embodiments, The
order and curvature of mirrors according to the path of radia-
tion from object plane 103 to image plane 102 may be as
follows: mirror S10 is a concave mirror; mirror S20 is a
concave mirror; mirror S50 is a convex mirror; mirror S60 is
a concave mirror; mirror S70 is a concave mirror; mirror S80
is a convex mirror; mirror S30 is a convex mirror; mirror S40
is a concave mirror; mirror SK1 is a concave mirror; and
mirror SK2 is a concave mirror. In other embodiments, for
example, The order and curvature of mirrors according to the
path of radiation from object plane 103 to image plane 102
may be as follows: mirror S10 is a planar mirror; mirror S20
is a concave mirror; mirror S50 is a convex mirror; mirror S60
is a concave mirror; mirror S70 is a concave mirror; mirror
S80 is a convex mirror; mirror S30 is a convex mirror; mirror
S40 is a concave mirror; mirror SK1 is a concave mirror; and
mirror SK2 is a concave mirror.

Mirrors S30, S40, S70, SK1, and SK2 include openings.
Mirrors S10, S20, S50, S60, and S80 do not include openings.
The resulting obscuration radius that provides a field-inde-
pendent obscuration is 55% of the aperture radius.

The image-side free working distance is 41 mm. The
object-side free working distance is 100 mm.
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The maximum angle of incidence on mirrors S10, S20,
S30, S40, S50, S60, S70, S80, SK1, and SK2 of a chief ray of
acentral field point is 32.9°. The maximum angle of incidence
of any ray on mirrors S10, S20, S30, S40, S50, S60, S70, S80,
SK1, and SK2 is 45.1°. The maximum range of incident
angles on any of mirrors S10, S20, S30, S40, S50, S60, S70,
S80, SK1, and SK2 is 28.0°.

The size of the largest mirror in meridional section is 932
mm. The size of the largest mirror in the x-direction is 1034
mm.

The mirrors are arranged so that projection objective 1600
contains three partial objectives: a first partial objective 1010,
a second partial objective 1020, and a third partial objective
1030. Accordingly, projection objective 1600 produces three
pupil planes and two intermediate images. At least one of the
pupil planes is accessible for positioning an aperture stop. At
least one of the pupil planes is accessible for positioning an
obscuration stop. For example, an obscuration stop can be
positioned at mirror S20.

First partial objective 1010 has a total of six mirrors: mirror
S10, mirror S20, mirror S50, mirror S60, mirror S70, and
mirror S80. First partial objective 1010 forms an intermediate
image 71 in a position between mirrors S40 and S70, which
may be at or near either or both mirrors. The Z1 image is
demagnified 1.85x. Second partial objective 1020 has a total
of two mirrors: mirror S30, and mirror S40. Second partial
objective 1020 forms an intermediate image Z2 at or near the
position of mirror S30. The Z2 image is demagnified 3.38x.
Third partial objective 1030 has a total of two mirrors: mirror
SK1, and mirror SK2. Third partial objective 1030 forms an
image at or near the position of image plane 102. This image
is demagnified 1.3x.

The embodiment shown is a pupil-obscurated system with
atleast one mirror with an opening for the passage of a bundle
of rays, where aperture stop B, positioned on mirror S20, is
positioned ahead of intermediate image Z2. Due to the fact
that the aperture stop is positioned before the second inter-
mediate image Z2, there is at least one intermediate image
between aperture stop B and image plane 102.

Data for projection objective 1600 is presented in Table
11A and Table 11B below. Table 11A presents optical data,
while Table 11B presents aspherical constants for each of the
mirror surfaces. For the purposes of Table 11 A and Table 11B,
the mirror designations correlate as follows: mirror 1 corre-
sponds to mirror S10; mirror 2 corresponds to mirror S20;
mirror 3 corresponds to mirror S50; mirror 4 corresponds to
mirror S60; mirror 5 corresponds to mirror S70; mirror 6
corresponds to mirror S80; mirror 7 corresponds to mirror
S30; mirror 8 corresponds to mirror S40; mirror 9 corre-
sponds to mirror SK1; and mirror 10 corresponds to mirror
SK2.
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TABLE 11A The resulting obscuration radius that provides a field-inde-
pendent obscuration is 55% of the aperture radius.
Surface Radius Thickness Mode The image-side free working distance is 40 mm. The
Object INFINITY 208,072 object-side free working dls.tan.ce is 100 mm.
Mirror 1 12007.16 ~708.072 REFL 5 The maximum angle of incidence on mirrors S10, S20,
STOP INFINITY 0.000 S30, S40, S50, S60, S70, S80, SK1, and SK2 of a chief ray of
Mirror 2 1319.376 769.858 REFL acentral field point is 32.5°. The maximum angle of incidence
Mirror 3 433.361 -403.578 REFL of any ray on mirrors S10, S20, S30, S40, S50, 560, S70, S80,
Mirror 4 987.208 756.349 REFL SK1, and SK2 is 45.1°. The maximum range of incident
Mirror 5 -693.043 -152.971 REFL > ot &
Mirror 6 —376.637 770.120 REFL 10 angles on any of mirrors SlO, 820, S30, S40, SSO, S60, S70,
Mirror 7 772.539 -617.149 REFL S80, SK1, and SK2 is 28.9°.
ﬁ}m’r g 1;2‘3‘-?2‘9‘ 13&‘;-223 Egi The size of the largest mirror in meridional section is 933
1rror - . - . : : : : : :
Mirror 10 576 054 578 680 REFL mm. The size of the largest mirror in the x-direction is 1028
Image INFINITY 0.000 mm. ) o o
The mirrors are arranged so that projection objective 1700
contains three partial objectives: a first partial objective 1010,
TABLE 11B
Surface K A B C D
Mirror 1 0.00000E+00  9.27937E-10 -4.60321E-15  1.33022E-20 -1.46239E-25
Mirror 2 0.00000E+00 -1.48167E-10 —6.18894E-16 -1.75227E-21 -8.39234E-26
Mirror 3 0.00000E+00 -1.73010E-09 -1.18347E-14  9.68679E-20 -9.07327E-25
Mirror 4 0.00000E+00 -6.37553E-11 -1.11337E-16 -1.06013E-22  2.52238E-29
Mirror 5 0.00000E+00  6.33779E-10 -6.54703E-16  3.63365E-21 -5.36932E-27
Mirror 6 0.00000E+00  6.43612E-09 -5.82502E-14  1.35839E-18 -2.25462E-23
Mirror 7 0.00000E+00  3.09804E-09  1.48684E-14 -4.03834E-19 -5.72817E-24
Mirror 8 0.00000E+00  6.55194E-11  1.29992E-16  2.37143E-22  4.46073E-28
Mirror 9 0.00000E+00  6.94725E-11  7.74511E-17  2.33861E-22  9.32544E-29
Mirror 10 0.00000E+00 —1.35922E-10 -3.07250E-17  1.86948E-22  2.92915E-28
Surface E F G H J
Mirror 1 1.39879E-30 -1.37935E-36  0.00000E+00  0.00000E+00  0.00000E+00
Mirror 2 3.00921E-30 -3.04597E-35  0.00000E+00  0.00000E+00  0.00000E+00
Mirror 3 -2.20201E-29  2.31377E-34  0.00000E+00  0.00000E+00  0.00000E-+00
Mirror4  -8.15911E-34  2.59261E-39 -6.08607E-45  0.00000E+00  0.00000E-+00
Mirror 5 6.45614E-33 -1.77221E-38  5.08599E-44  0.00000E+00  0.00000E-+00
Mirror 6 3.31937E-28 -3.44267E-33  1.68365E-38  0.00000E+00  0.00000E+00
Mirror 7 -1.99674E-28  3.88481E-33 -3.50397E-38  0.00000E+00  0.00000E-+00
Mirror 8 3.95152E-34  3.88746E-39 -9.08040E-45  2.70091E-50  0.00000E+00
Mirror 9 8.50266E-34 -1.88020E-40  4.25518E-46  4.36378E-51  0.00000E-+00
Mirror 10 -3.23938E-34  1.34899E-39 -3.15465E-45  6.54274E-51  0.00000E-+00
40

Referring to FIG. 17, an embodiment of a projection objec-
tive 1700 includes ten mirrors S10, S20, S30, S40, S50, S60,
S70, S80, SK1, and SK2, and has an image-side numerical
aperture of 0.75 and an operating wavelength of 13.5 nm.
Mirrors S10, S20, S30, S40, S50, S60, S70, S80, SK1, and
SK2 are all aspherical mirrors. Projection objective 1700
images radiation from object plane 103 to image plane 102
with a demagnification ratio of 8x and a resolution of about 11
nm. The optical axis in relation to which the projection objec-
tive is rotationally symmetric is identified as HA, and the
overall length of the system from object plane 103 to the
image plane 102, the lengthwise dimension, L, is 2,511 mm.

Projection objective 1700 has a ring-segment field. The
image-side field width, d,, is 13 mm. The image-side field
radius, d,, is 29.75 mm. The image-side field length, d,, is 2
mm. Image-side W, .15 0.024).. Image-side field curvature is
3 nm.

The shape of the mirrors in the order of the radiation path
from object plane 103 to image plane 102 is as follows: mirror
S10is a convex mirror; mirror S20 is a concave mirror; mirror
S50 is a convex mirror; mirror S60 is a concave mirror; mirror
S70 is a concave mirror; mirror S80 is a convex mirror; mirror
S30 is a convex mirror; mirror S40 is a concave mirror; mirror
SK1 is a concave mirror; and mirror SK2 is a concave mirror.

Mirrors S30, S40, S70, SK1, and SK2 include openings.
Mirrors S10, S20, S50, S60, and S80 do not include openings.
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a second partial objective 1020, and a third partial objective
1030. Accordingly, projection objective 1700 produces three
pupil planes and two intermediate images. At least one of the
pupil planes is accessible for positioning an aperture stop. At
least one of the pupil planes is accessible for positioning an
obscuration stop. For example, an obscuration stop can be
positioned at mirror S20.

First partial objective 1010 has a total of six mirrors: mirror
S10, mirror S20, mirror S50, mirror S60, mirror S70, and
mirror S80. First partial objective 1010 forms an intermediate
image 71 in a position between mirrors S40 and S70, which
may be at or near either or both mirrors. Second partial
objective 1020 has a total of two mirrors: mirror S30, and
mirror S40. Second partial objective 1020 forms an interme-
diate image Z2 at or near the position of mirror S30. Third
partial objective 1030 has a total of two mirrors: mirror SK1,
and mirror SK2. Third partial objective 1030 forms an image
at or near the position of image plane 102.

The embodiment shown is a pupil-obscurated system with
atleast one mirror with an opening for the passage of a bundle
of rays, where aperture stop B, positioned near mirror S20, is
positioned ahead of intermediate image Z2. Due to the fact
that the aperture stop is positioned before the second inter-
mediate image Z2, there is at least one intermediate image
between aperture stop B and image plane 102.

Data for projection objective 1700 is presented in Table
12A and Table 12B below. Table 12A presents optical data,
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while Table 12B presents aspherical constants for each of the
mirror surfaces. For the purposes of Table 12A and Table 12B,
the mirror designations correlate as follows: mirror 1 corre-
sponds to mirror S10; mirror 2 corresponds to mirror S20;

44
radius, d,, is 17.15 mm. The image-side field length, d,, is 1
mm. Image-side W, s 0.018\. Image-side field curvature is
less than 1 nm.
The shape of the mirrors in the order of the radiation path

m%rror 3 corresponds to mirror S50; mirr.or 4 correqunds to 5 from objectplane 103 to image plane 102 is as follows: mirror
mirror S60; mirror 5 corresponds to mirror S70; mirror 6 S10 is a convex mirror; mirror S20 is a concave mirror; mirror
corresponds to mirror S80; mirror 7 corresponds to mirror g0 5 a concave mirror; mirror S60 is a convex mirror; mirror
S3 O,dmlrror .8 COEIIESIPOH%S tq mlrrlcg S40; mlrfior 9 corre- S70 is a convex mirror; mirror S80 is a concave mirror; mirror
sponds to mirror ; and murror 10 corresponds to mirror S30 is a convex mirror; mirror S40 is a concave mirror; mirror
SK2. 10 . L . . .
SK1 is a concave mirror; and mirror SK2 is a concave mirror.
TABLE 12A Mirrors S30, S40, SK1, and SK2 include openings. Mirrors
S10, S20, S50, S60, S70, and S80 do not include openings.
Surface Radius Thickness Mode The resulting obscuration radius that provides a field-inde-
- pendent obscuration is 26% of the aperture radius.
Object INFINITY 800.266 P The image-side free working distance is 40 mm. The
Mitror 1 10314.848 ~700.266 REFL Lhe mmag ce w S | :
STOP INFINITY 0.000 object-side free working distance is 100 mm.
Mirror 2 1313.221 772.471 REFL The maximum angle of incidence on mirrors S10, S20,
Mirror 3 435.263 -403.381 REFL S30, S40, S50, S60, S70, S80, SK1, and SK2 of a chief ray of
Mirror 4 987.208 756370 REFL acentral fieldpoint is 32.7°. The maximum angle of incidence
Mirror § -693.635 -152.988 REFL 20 po I g
Mirror 6 ~376.671 770.162 REFL ofany ray on mirrors SlO, 820, S30, S40, SSO, S60, S70, SSO,
Mirror 7 773.821 -617.174 REFL SK1, and SK2 is 42.3°. The maximum range of incident
ﬁ}mrg 1;2‘3‘-;22 13&‘;-2;? Egi angles on any of mirrors $10, S20, S30, S40, S50, S60, S70,
irror - . - . . o
Mirror 10 976.962 528.674 REFL S80. SK1, and SK2 is 18.8°. - o
Image INFINITY 0.000 25 The size of the largest mirror in meridional section is 858
mm. The size of the largest mirror in the x-direction is 891
mm.
TABLE 12B
Surface K A B C D
Mirror 1 0.00000E+00  9.53114E-10 -4.86644E-15  1.31711E-20 -1.00791E-25
Mirror 2 0.00000E+00 —1.47585E-10 —6.60664E-16 -1.36568E-21 -4.71682E-26
Mirror 3 0.00000E+00 -1.70365E-09 -1.16839E-14  9.85514E-20 —9.70081E-25
Mirror 4 0.00000E+00 —6.35387E-11 -1.10979E-16 -1.03841E-22  2.37479E-29
Mirror 5 0.00000E+00  6.32087E-10 -6.50351E-16  3.64943E-21 -5.41639E-27
Mirror 6 0.00000E+00  6.40969E-09 -5.76722E-14  1.35569E-18 -2.25614E-23
Mirror 7 0.00000E+00  3.10697E-09  1.51614E-14 -4.09300E-19 -6.19233E-24
Mirror 8 0.00000E+00  6.56531E-11  1.29850E-16  2.37674E-22  4.38690E-28
Mirror 9 0.00000E+00  6.93646E-11  7.77340E-17  2.35663E-22  8.87991E-29
Mirror 10 0.00000E+00 —-1.36095E-10 -2.99886E-17  1.86689E-22  2.94132E-28
Surface E F G H J
Mirror 1 3.35912E-31  8.78178E-36  0.00000E+00  0.00000E+00  0.00000E+00
Mirror 2 1.70095E-30 -1.74271E-35  0.00000E+00  0.00000E+00  0.00000E+00
Mirror3  -1.98157E-29  2.10542E-34  0.00000E+00  0.00000E+00  0.00000E+00
Mirror4 ~ -7.95278E-34  2.56682E-39 -6.07013E-45  0.00000E+00  0.00000E+00
Mirror 5 6.20468E-33 -1.72403E-38  5.01025E-44  0.00000E+00  0.00000E+00
Mirror 6 3.33377E-28 -3.47620E-33  1.70289E-38  0.00000E+00  0.00000E+00
Mirror 7~ -7.67239E-29 -2.04991E-33  6.19397E-38  0.00000E+00  0.00000E+00
Mirror 8 4.29719E-34  3.75714E-39 -8.71022E-45  2.66200E-50  0.00000E-+00
Mirror 9 8.17352E-34  1.07822E-41  1.12329E-47  4.63290E-51  0.00000E+00
Mirror 10 -3.16654E-34  1.18038E-39 -2.51249E-45  5.75859E-51  0.00000E+00

Referring to FIG. 18, an embodiment of a projection objec-
tive 1800 includes ten mirrors S10, S20, S30, S40, S50, S60,
S70, S80, SK1, and SK2, and has an image-side numerical
aperture of 0.7 and an operating wavelength of 13.5 nm.
Mirrors S10, S20, S30, S40, S50, S60, S70, S80, SK1, and
SK2 are all aspherical mirrors. Projection objective 1800
images radiation from object plane 103 to image plane
102 with a demagnification ratio of 8x and a resolution of
about 12 nm. The optical axis in relation to which the projec-
tion objective is rotationally symmetric is identified as HA,
and the overall length of the system from object plane 103 to
the image plane 102, the lengthwise dimension, L, is 2,494
mm.

Projection objective 1800 has a ring-segment field. The
image-side field width, d,, is 13 mm. The image-side field
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The mirrors are arranged so that projection objective 1800
contains three partial objectives: a first partial objective 1010,
a second partial objective 1020, and a third partial objective
1030. Accordingly, projection objective 1800 produces three
pupil planes and two intermediate images. At least one of the
pupil planes is accessible for positioning an aperture stop.

First partial objective 1010 has a total of six mirrors: mirror
S10, mirror S20, mirror S50, mirror S60, mirror S70, and
mirror S80. First partial objective 1010 forms an intermediate
image 71 in a position at or near mirror S40. Second partial
objective 1020 has a total of two mirrors: mirror S30, and
mirror S40. Second partial objective 1020 forms an interme-
diate image 72 at a position between mirrors S30 and SK2.
Third partial objective 1030 has a total of two mirrors: mirror
SK1, and mirror SK2. Third partial objective 1030 forms an
image at or near the position of image plane 102.
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Embodiments shown in FIGS. 11-18 include microlithog-
raphy projection objectives where the first partial objective
does notinclude a mirror having an opening for the passage of
a bundle of rays, i.e., none of the mirrors are perforated. In

46
Data for projection objective 1800 is presented in Table
13A and Table 13B below. Table 13 A presents optical data,
while Table 13B presents aspherical constants for each of the
mirror surfaces. For the purposes of Table 13 A and Table 13B,

addition, the projection objectives include a second partial 5 the mirror designations correlate as follows: mirror 1 corre-
objective having no mirror without an opening for the passage sponds to mirror S10; mirror 2 corresponds to mirror S20;
of'abundle ofrays. The geometrical distance between the first mirror 3 corresponds to mirror S50; mirror 4 corresponds to
and second partial objectives is generally at least 10% of the mirror S60; mirror 5 corresponds to mirror S70; mirror 6
length, L, from object plane 103 to image plane 102. The 0 corresponds to mirror S80; mirror 7 corresponds to mirror
distance between the first and second partial objectives is the S30; mirror 8 corresponds to mirror S40; mirror 9 corre-
distance between a vertex of a mirror in the first partial objec- sponds to mirror SK1; and mirror 10 corresponds to mirror
tive that is positioned closest to the image plane and a vertex SK2.
of a mirror in the second partial objective that is positioned
closest to the object plane. The mirror in the second partial 15 TABLE 13A
objective that is positioned closest to the object plane is also
referred to as the closest-to-reticle mirror of the second partial Surface Radius Thickness Mode
objective, and the mirror in the first partial objective that is
closest to the image plane is referred to as the closest-to- Object INFINITY 576.457
substrate mirror of the first partial objective. 2 Mirror 1 743.152 _443.481 REFL
. In the embodiment shown in FIG. 1.8, the geometrical Mirror 2 1348.018 992.889 REFL
dlstgnce l?et\yeen the first partial qb]ectlve and the second Mirror 3 _1386.925 -349.408 REFL
g]a;'tolalfobJectlvs%%orrzsponds to Va4(glstfanc.e betsxze(:)en a Vertez Mirror 4 1014795 496,732 REFL
! N n.anr{o; : tﬁr'l a \fn(;x ’ toh H(limt or Y ineasuiﬁ Mirror 5 324.055 -856.578 REFL
along axis tiA. in this embodunent, the distance betweell the ., g Mirror 6 941.81 1510.551 REFL
two partial objectives is negative, because the two objectives
. . . . : . . STOP INFINITY 0.000
overlap in their spatial arrangement, i.e., mirror S70 is posi- Miror 7 5311955 670,058 REFL
tioned inside the space of the second partial objective. Lo : s
An arrangement of this type may have the advantage that in Mirror & 862.319 1196518 REFL
embodiments where the closest-to-reticle mirror of the sec- ., Mirror 9 -1133.435 —426.460 REFL
ond partial objective is positioned near to the closest-to-sub- Mirror 10 831.304 466.461 REFL
strate mirror of the first partial objective, the inner ring field Image INFINITY 0.000
radius, and therefore the obscuration, can be kept relatively
small.
TABLE 13B
Surface K A B C D
Mirror 1 0.00000E+00 -1.74588E-09  5.73560E-15 -2.18120E-20  8.88355E-26
Mirror 2 0.00000E+00 -8.27033E-11 -3.72143E-17  6.51400E-24  5.62567E-30
Mirror 3 0.00000E+00 -8.58288E-12  3.92829E-18 -4.18276E-24 -1.25792E-29
Mirror 4 0.00000E+00  2.07266E-11 -4.52705E-16 -2.17586E-21 -1.01747E-26
Mirror 5 0.00000E+00  4.76733E-09 -2.14786E-13 -1.18998E-17 -8.08930E-22
Mirror 6 0.00000E+00  1.65766E-11  2.69419E-17  5.87911E-24  3.46720E-29
Mirror 7 0.00000E+00  8.89937E-10  1.82131E-15  7.16217E-21 -5.94918E-25
Mirror 8 0.00000E+00  3.72408E-11  3.09842E-17  3.10857E-23  4.92719E-29
Mirror 9 0.00000E+00  1.94111E-10  4.16355E-16  1.11547E-21  4.33879E-27
Mirror 10 0.00000E+00 -1.69879E-10  2.55525E-16  6.73274E-22 -2.01071E-28
Surface E F G H 7
Mirror 1~ -1.89149E-31  2.05598E-37  0.00000E+00  0.00000E+00  0.00000E+00
Mirror 2 0.00000E+00  0.00000E+00  0.00000E+00  0.00000E+00  0.00000E+00
Mirror 3 8.61573E-36  5.91202E-42 -2.37686E-48  537118E-55  0.00000E+00
Mirror 4 3.23938E-32  0.00000E+00  0.00000E+00  0.00000E+00  0.00000E+00
Mirror 5 2.17082E-25 -2.89803E-29  2.55500E-33 -9.16686E-38  0.00000E+00
Mirror 6 -1.13782E-35  1.27000E-39  0.00000E+00  0.00000E+00  0.00000E+00
Mirror 7 -2.13013E-29  5.53859E-34 -1.47815E-38  1.00232E-43  0.00000E+00
Mirror 8 1.90775E-35  1.35114E-40 -5.54544E-47  2.44701E-52  0.00000E+00
Mirror @ -5.57552E-34  3.06849E-38  1.07483E-43 -3.56612E-49  0.00000E+00
Mirror 10 6.55890E-33 -1.22949E-38  2.98699E-44  2.63597E-50  0.00000E+00
Further, embodiments shown in FIGS. 11-14, 15A, and 18, Referring to FIG. 19, an embodiment of a projection objec-
as well as other embodiments presented infra include a nega- 0 tive 1900 includes ten mirrors S10, $20, S30, S40, S50, S60,

tive back-focus width of the entry pupil. The principal rays of
the different field points are divergent as they approach the
objective in the direction of light propagation, i.e., in a direc-
tion starting from the object plane. In relation to the light path
from a light source of an illumination system to the object
plane where a reticle is located, the entrance pupil of the
projection objective is positioned in front of the object plane.

S70, S80, SK1, and SK2, and has an image-side numerical
aperture of 0.72 and an operating wavelength of 13.5 nm.
Mirrors S10, S20, S30, S40, S50, S60, S70, S80, SK1, and
SK2 are all aspherical mirrors. Projection objective 1900
images radiation from object plane 103 to image plane 102
with a demagnification ratio of 8x and a resolution of about 12
nm. The optical axis in relation to which the projection objec-
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tive is rotationally symmetric is identified as HA, and the
overall length of the system from object plane 103 to the
image plane 102, the lengthwise dimension, L, is 2,500 mm.

Projection objective 1900 has a ring-segment field. The

48

second intermediate image 71 is also formed, in a position at
or near the position of mirror S40. The Z1 image is demag-
nified 2.78x. Second partial objective 1020 has a total of two
mirrors: mirror S30, and mirror S40. Second partial objective

image-side field width, d_, is 13 mm. The image-side field 5 1020 forms an intermediate image 72 at or near the position
radius, d,, is 15.125 mm. The image-side field length, d,, is 1 of mirror S30. The 72 image is demagnified 1.29x. Third
mm. Image-side W, .15 0.041). Image-side field curvature is partial objective 1030 has a total of two mirrors: mirror SK1,
4 nm. and mirror SK2. Third partial objective 1030 forms an image
The Shape of the mirrors in the order of the radiation path at or near the position of image plane 102. This image is
from object plane 103 to image plane 102 is as follows: mirror 10 demagnified 2.24x.
S10 is a convex mirror; mirror S20 is a concave mirror; mirror In this and successive embodiments, by providing a third
Sgg 1§ a CoNnvex mirror s mirror Sgg 1§ a concave mirror s mirror intermediate image, the cross-sections of the ray bundles, and
30 1§ a CONVEX MIUTOT; MIITor 340 1§ a concave mirror; mirror therefore the utilized mirror surface areas, can be kept rela-
is a convex mirror; mirror is a concave mirror; mirror : s : -
SK1 is a concave mirror; and mirror SK2 is a concave mirror. 15 gvely SIII«REL anher,lln thli« ZmbOdlmfgt’lgle a.ngle; Iolf 1{;1011 d
The radius of curvature of mirror S10 is large enough so that dence of (e principal ray of the centra’ fie'dipoint of the hie
mirror $10 can be replaced with a planar mirror, or a concave in the field plane are made particularly small. The obscuration
. . N . ° in the pupil is only 10% of the surface.
mirror having a similarly large radius of curvature. An gpgrture sto};) B i;) positioned near mirror S20
Sll(\)ngO(;S gggs SS46% SSI%}), :ﬁi Sslgg 1(111511111;1:3 ;iig(;gi)ingrili?%rs 5 50  Data for projection objective 1900 is presented in Table
’ > O > ! . Lo 14A and Table 14B below. Table 14A presents optical data,
The drestulténg obts.cur ?Uzoél(yrad;tllsl that ﬂrowdej a field-inde- while Table 14B presents aspherical constants for each of the
peI;hen obscura leIlflS ° Oki e;pe ure ra 2;)5 Th mirror surfaces. For the purposes of Table 14A and Table 14B,
bi f 1%1a%e-51 < kr.ee g,oi ng | l%aélce 18 mm.ihe the mirror designations correlate as follows: mirror 1 corre-
object-side free working distance is mm. . e : .
JThe maximum an lé% of incidence on mirrors S10, $20, 25 P nds to mirror $10; mirror 2 corresponds to mirror 820;
$30.S40. S50. S60 S%70 $80. SK1. and SK2 of a chi f’ I’“ mirror 3 corresponds to mirror S50; mirror 4 corresponds to
an ofachiefray o : L : i
’ ’ ’ ’ ’ ’ ’ mirror S60; mirror 5 corresponds to mirror S70; mirror 6
. . o . . . 9 3
a;entral ﬁeldpglntls 5(1)00 S.;f;leslglgxélzlgnégggls%%flél;édglécoe corresponds to mirror S80; mirror 7 corresponds to mirror
gKafy rag OSnKn;lr.rorzs7 70 > Th > > OFs > > Py ), p) ; S30; mirror 8 corresponds to mirror S40; mirror 9 corre-
anglé:sagn any o flrsnirrérs ) s1 0e SI;(?XISI;I(l)lné 4r(2)m§65: 00 S;I(I)CIS‘?I(; 5o Sponds to mirror SK1; and mirror 10 corresponds to mirror
; El El El El El El El SK2
S80, SK1, and SK2 is 20.9°.
The size of the largest mirror in meridional section is 884 TABLE 14A
mm. The size of the largest mirror in the x-direction is 927
mm. Surface Radius Thickness Mode
The mirrors are arranged so that projection objective 1900 33 -
contains three partial objectives: a first partial objective 1010, gﬂfg ) g?ggﬁ _ig?}g; REFL.
a second partial objective 1020, and a third partial objective STOP INFINITY 0.000
1030. Accordingly, projection objective 1900 produces four Mirror 2 852.374 542.952 REFL
pupil planes and three intermediate images. At least one of the Mirror 3 281.088 ~498.503 REFL
pupil planes is accessible for positioning an aperture stop. At 4° ﬁiggig ;gg'i; _ggg'?g g%
least one of the pupil planes is accessible for positioning an Mirror 6 515.051 1141.014 REFL
obscuration stop. For example, an obscuration stop can be Mirror 7 1674.294 -583.849 REFL
positioned on mirror $20. Mirror 8 758.67 1177.650 REFL
First partial objective 1010 has a total of six mirrors: mirror ﬁﬁg ?0 _13?;3 _ggg'ggi g%
$10, mirror 820, mirror S50, mirror S60, mirror S70, and 43 Image INFINITY 0.000
mirror S80. First partial objective 1010 forms a first interme-
diate image 73 in a position between mirrors S60 and S70. A
TABLE 14B
Surface K A B C
Mirror 1 0.00000E+00 1.52016E-09  —3.52459E-14 6.75945E-19
Mirror 2 0.00000E+00 1.08280E-10  —6.34141E-15 5.18470E-19
Mirror 3 0.00000E+00  -5.96955E-09 1.74672E-13  —6.30562E-19
Mirror 4 0.00000E+00  -1.08435E-11  -1.00947E-16 8.75041E-22
Mirror 5 0.00000E+00  -2.51202E-09 7.56313E-12  -6.05145E-16
Mirror 6 0.00000E+00  -2.60613E-10  -1.98309E-16  -1.19381E-21
Mirror 7 0.00000E+00 6.30349E-10  -3.39796E-15 1.21242E-19
Mirror 8 0.00000E+00 1.23547E-10 2.57281E-16 4.94742E-22
Mirror 9 0.00000E+00 1.05621E-10 1.30680E-17 4.34693E-22
Mirror 10 0.00000E+00  -2.03140E-10  -2.32499E-17 2.98416E-22
Surface D E F G
Mirror 1 -9.26171E-24 0.00000E+00 0.00000E+00 0.00000E+00
Mirror 2 ~1.66660E-23 0.00000E+00 0.00000E+00 0.00000E+00
Mirror 3 1.33871E-22  —2.49248E-28 0.00000E+00 0.00000E+00
Mirror 4 -3.90330E-27 8.80258E-33 0.00000E+00 0.00000E+00
Mirror 5 6.70343E-20 0.00000E+00 0.00000E+00 0.00000E+00
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TABLE 14B-continued
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Mirror 6 2.15204E-27 0.00000E+00 0.00000E+00
Mirror 7 -1.06347E-24 —-2.29594E-29 0.00000E+00
Mirror 8 7.10013E-28 2.49635E-33 0.00000E+00
Mirror 9 -3.96448E-28 1.80389E-33 0.00000E+00
Mirror 10 —-2.49605E-28 8.14302E-34 0.00000E+00

0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00
0.00000E+00

Referring to FIG. 20, an embodiment of a projection objec-

1030. Accordingly, projection objective 2000 produces four

tive 2000 includes ten mirrors S10, S20, $30, S40, S50, S60, 19 pupil planes and three intermediate images. At least one of the
S70, S80, SK1, and SK2, and has an image-side numerical pupil planes is accessible for positioning an aperture stop.
aperture of 0.7 at an operating wavelength of 13.5 nm. Mir- First partial objective 1010 has a total of six mirrors: mirror
rors S10, S20, S30, S40, S50, S60, S70, S80, SK1, and SK2 S10, mirror S20, mirror S50, mirror S60, mirror S70, and
are all aspherical mirrors. Projection objective 2000 images s mirror S80. First partial objective 1010 forms a first interme-
radiation from object plane 103 to image plane 102 with a diate image 73 ina position beWeen mirrors S60 and S70.A
demagnification ratio of 8x and a resolution of about 12 nm. second intermediate image 71 is also formed, in a position at
The optical axis in relation to which the projection objective ~ Or near the position of mirror S40. Second partial objective
is rotationally symmetric is identified as HA, and the overall 1020 has a total of two mirrors: mirror S30, and mirror S40.
length of the system from object plane 103 to the image plane Second partial objective 1020 forms an intermediate image
102, the lengthwise dimension, L, is 2,246 mm. 20 72 at or near the position of mirror $30. Third partial objec-
Projection objective 2000 has a ring-segment field. The tive 1030 has a total of two mirrors: mirror SK1, and mirror
image-side field width, d,, is 13 mm. The image-side field SK2. Third partial objective 1030 forms an image at or near
radius, d,, is 16.25 mm. The image-side field length, d,,, is 1 the position of image plane 102. )
mm. Image-side W, is 0.3 Image-side field curvatureis 27 An aperture stop B is positioned near mirror S30.
nm. Data for projection objective 2000 is presented in Table
The order and curvature of mirrors according to the path of 15A and Table 15B below. Table 15A presents optical data,
radiation from object plane 103 to image plane 102 is as while Table 15B presents aspherical constants for each of the
follows: mirror S10 is a concave mirror; mirror S20 is a mirroy surface;. For.the purposes of Table 15A ar}d Table 158,
convex mirror: mirror S50 is a concave mirror: mirror S60 is the mirror designations correlate as follows: mirror 1 corre-
- . . . i .30 : Cmi : .
a concave mirror; mirror S70 is a convex mirror; mirror S80 is sppnds to mirror S10; mirror 2 corresponds to mirror S20;
a concave mirror; mirror S30 is a convex mirror; mirror S40 is mirror 3 co?r esponds to mirror S50; mirror 4 corre.:spo.nds to
a concave mirror; mirror SK1 is a concave mirror; and mirror mirror S60; murror 5 correqunds to mirror S70; M1rror 6
QK2 is a concave mirror corresponds to mirror S80; mirror 7 corresponds to mirror
. A . . . S30; mirror 8 corresponds to mirror S40; mirror 9 corre-
Mirrors 830, S40, SK1, and SK2 include openings. Mirrors 35 sponds to mirror SK1; and mirror 10 corresponds to mirror
S10, S20, S50, S60, S70 and S80 do not include openings. P ; P
. . . . . SK2.
The resulting obscuration radius that provides a field-inde-
pendent obscuration is 28% of the aperture radius.
The image-side free working distance is 40 mm. The TABLE 154
object-side free working distance is 468 mm. I Surface Radius Thickness Mode
The maximum angle of incidence on mirrors S10, S20, -
$30, 540, S50, $60, S70, $80, SK1, and SK2 of a chief ray of Object e s REFL
acentral field point is 35.3°. The maximum angle of incidence Mirror 2 _106.241 400943 REFL
of any ray on mirrors S10, S20, S30, S40, S50, S60, S70, S80, Mirror 3 ~797.047 -329.100 REFL
SK1, and SK2 is 42.4°. The maximum range of incident ﬁ?m’r ‘5‘ 1425515-32 ;‘5“2‘-2% g%
. 1101 . - .
angles on any ofmlr.rors Slo0, S20, S30, S40, S50, S60, S70, Mirror 6 30118 295 651 REFL
880, SKI, and SK2 is 18.9°. STOP INFINITY 0.000
The size of the largest mirror in meridional section is 836 Mirror 7 89550.706 -575.938 REFL
mm. The size of the largest mirror in the x-direction is 834 Mirror 8 769.632 1146.221 REFL
mm Mirror 9 -1294.759 -470.344 REFL
: . .. .. 50 Mirror 10 921.525 510.244 REFL
The mirrors are arranged so that projection objective 2000 Image INFINITY 0.000
contains three partial objectives: a first partial objective 1010,
a second partial objective 1020, and a third partial objective
TABLE 15B
Surface K A B C
Mirror 1 0.00000E+00 7.66254E-09 2.77417E-14 1.36582E-18
Mirror 2 0.00000E+00 7.08392E-07 8.77265E-11  -1.08467E-13
Mirror 3 0.00000E+00 3.26115E-10 3.33584E-16  -5.68189E-21
Mirror 4 0.00000E+00 2.50220E-10  -4.02328E-15 3.97478E-20
Mirror 5 0.00000E+00 8.20670E-08 8.14545E-12 4.31824E-16
Mirror 6 0.00000E+00 1.46218E-09 2.25940E-14 5.19142E-19
Mirror 7 0.00000E+00 4.23423E-09  —7.06964E-14 9.09880E-19
Mirror 8 0.00000E+00 6.41818E-11 1.25081E-16 4.78443E-23
Mirror 9 0.00000E+00  -2.72326E-10 1.27303E-15  —6.33084E-21
Mirror 10 0.00000E+00  -243581E-10  -6.44997E-16 3.73803E-22
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TABLE 15B-continued

Surface D E F G

Mirror 1 1.60505E-23 0.00000E+00 0.00000E+00 0.00000E+00
Mirror 2 0.00000E+00 0.00000E+00 0.00000E+00 0.00000E+00
Mirror 3 1.08127E-25 -4.00572E-31 0.00000E+00 0.00000E+00
Mirror 4 -1.61324E-25 2.23312E-31 0.00000E+00 0.00000E+00
Mirror 5 1.12366E-19 0.00000E+00 0.00000E+00 0.00000E+00
Mirror 6 -2.84570E-24 3.72190E-28 0.00000E+00 0.00000E+00
Mirror 7 -9.81546E-24 1.27493E-29 -6.38729E-35 0.00000E+00
Mirror 8 1.99269E-27 -5.19669E-33 2.07669E-38 0.00000E+00
Mirror 9 2.30570E-26 —5.38480E-32 6.82514E-38 0.00000E+00
Mirror 10 1.59378E-27 -2.26603E-32 7.46453E-38 0.00000E+00

Referring to FIG. 21, an embodiment of a projection objec-
tive 2100 includes ten mirrors S10, S20, S30, S40, S50, S60,
S70, S80, SK1, and SK2, and has an image-side numerical
aperture of 0.72 at an operating wavelength of 13.4 nm.
Mirrors S10, S20, S30, S40, S50, S60, S70, S80, SK1, and
SK2 are all aspherical mirrors. Projection objective 2100
images radiation from object plane 103 to image plane 102
with a demagnification ratio of 8x and a resolution of about 12
nm. The optical axis in relation to which the projection objec-
tive is rotationally symmetric is identified as HA, and the
overall length of the system from object plane 103 to the
image plane 102, the lengthwise dimension, L, is 2,800 mm.

Projection objective 2100 has a ring-segment field. The
image-side field width, d,, is 13 mm. The image-side field
radius, d,, is 21.25 mm. The image-side field length, d,, is 1
mm. Image-side W, is 0.052). Image-side field curvature is
7 nm.

The order and curvature of mirrors according to the path of
radiation from object plane 103 to image plane 102 is as
follows: mirror S10 is a concave mirror; mirror S20 is a
convex mirror; mirror S50 is a concave mirror; mirror S60 is
a convex mirror; mirror S70 is a convex mirror; mirror S80 is
a concave mirror; mirror S30 is a convex mirror; mirror S40 is
a concave mirror; mirror SK1 is a concave mirror; and mirror
SK2 is a concave mirror.

Mirrors S30, S40, SK1, and SK2 include openings. Mirrors
S10, S20, S50, S60, S70 and S80 do not include openings.
The resulting obscuration radius that provides a field-inde-
pendent obscuration is 29% of the aperture radius.

The image-side free working distance is 41 mm. The
object-side free working distance is 729 mm.

The maximum angle of incidence on mirrors S10, S20,
S30, S40, S50, S60, S70, S80, SK1, and SK2 of a chiefray of
acentral field point is 35.0°. The maximum angle of incidence
of any ray on mirrors S10, S20, S30, S40, S50, S60, S70, S80,
SK1, and SK2 is 39.6°. The maximum range of incident
angles on any of mirrors S10, S20, S30, S40, S50, S60, S70,
S80, SK1, and SK2 is 24.5°.

The size of the largest mirror in meridional section is 871
mm. The size of the largest mirror in the x-direction is 918
mm.

The mirrors are arranged so that projection objective 2100
contains three partial objectives: a first partial objective 1010,
a second partial objective 1020, and a third partial objective
1030. Accordingly, projection objective 2500 produces four
pupil planes and three intermediate images. At least one of the
pupil planes is accessible for positioning an aperture stop. At
least one of the pupil planes is accessible for positioning an
obscuration stop. For example, an obscuration stop can be
positioned on mirror S10.

First partial objective 1010 has a total of six mirrors: mirror
S10, mirror S20, mirror S50, mirror S60, mirror S70, and
mirror S80. First partial objective 1010 forms a first interme-

20

40

45

55

diate image 73 in a position between mirrors S20 and S50. A
second intermediate image 71 is also formed, in a position at
or near the position of mirror S40. Second partial objective
1020 has a total of two mirrors: mirror S30, and mirror S40.
Second partial objective 1020 forms an intermediate image
72 at or near the position of mirror S30. Third partial objec-
tive 1030 has a total of two mirrors: mirror SK1, and mirror
SK2. Third partial objective 1030 forms an image at or near
the position of image plane 102.

An aperture stop B is positioned near mirror S10.

The systems shown in FIGS. 20 and 21 include six or more
mirrors, where at least one mirror includes no opening for the
passage of a bundle of rays, and where that mirror is also
positioned at the shortest distance from object plane 103,
relative to the other mirrors, the distance being larger than
15% of the lengthwise dimension of the objective. With an
object-side free working distance of this magnitude, a suffi-
cient amount of space is provided to accommodate mechani-
cal components, e.g., a reticle stage, and optical filter ele-
ments that have field-dependent effects and therefore have to
be arranged near a field plane, and like components.

In the embodiments shown in FIGS. 20 and 21, the mirror
that has no opening and, measured along the axis HA, has the
shortest distance from the object plane, is mirror S20. The
distance of mirror S20 from object plane 103 is measured as
the distance from vertex V20 of mirror S20 from object plane
103.

Data for projection objective 2100 is presented in Table
16A and Table 16B below. Table 16A presents optical data,
while Table 16B presents aspherical constants for each of the
mirror surfaces. For the purposes of Table 16 A and Table 16B,
the mirror designations correlate as follows: mirror 1 corre-
sponds to mirror S10; mirror 2 corresponds to mirror S20;
mirror 3 corresponds to mirror S50; mirror 4 corresponds to
mirror S60; mirror 5 corresponds to mirror S70; mirror 6
corresponds to mirror S80; mirror 7 corresponds to mirror
S30; mirror 8 corresponds to mirror S40; mirror 9 corre-
sponds to mirror SK1; and mirror 10 corresponds to mirror
SK2.

TABLE 16A

Surface Radius Thickness Mode
Object INFINITY 984.370

STOP INFINITY 0.000

Mirror 1 -487.824 -255.596 REFL
Mirror 2 -203.99 720.214 REFL
Mirror 3 -618.943 -342.547 REFL
Mirror 4 -467.367 522.697 REFL
Mirror 5 1517.781 -594.768 REFL
Mirror 6 691.924 1170.936 REFL
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surface of element E140. As a result of this configuration,
mirror S140 can be positioned very close to image plane 102

Surface Radius Thickness Mode without compromising stability.
Mirror 7 2075.314 _583.106 REFL Referring to FI1G. 25, an embodiment of a projection objec-
Mirror 8 756.671 1136.329 REFL 5 tive 2500 includes ten mirrors S10, S20, S30, S40, S50, S60,
Mirror 9 —1247.404 -502.341 REFL . . .
Mirror 10 947 118 S13813 REFL S70, S80, SK1, and SK2, and has an image-side numerical
Image INFINITY 0.000 aperture of 0.7 at an operating wavelength of 193.3 nm.
Mirrors S10, S20, S30, S40, S50, S60, S70, S80, SK1, and
SK2 are all aspherical mirrors. Projection objective 2500
TABLE 16B

Surface K A B

Mirror 1 0.00000E-+00 3.07073E-10  -2.63762E-14  -4.75987E-19

Mirror 2 0.00000E+00  -5.92526E-09  —-1.01630E-12 3.61436E-16

Mirror 3 0.00000E-+00 1.01014E-10  -8.68729E-16 4.12943E-21

Mirror 4 0.00000E-+00 1.63695E-09 3.55194E-14  -6.73526E-19

Mirror 5 0.00000E-+00 3.47124E-08 1.00844E-12 4.12785E-17

Mirror 6 0.00000E-+00 2.82522E-11 1.38881E-16  —6.42306E-23

Mirror 7 0.00000E+00  -2.11518E-10  -4.61053E-15  -1.12662E-19

Mirror 8 0.00000E-+00 6.09426E-11 8.83052E-17 8.08906E-23

Mirror 9 0.00000E-+00 7.30445E-11 1.71628E-16 3.00636E-22

Mirror 10 0.00000E+00  -1.78072E-10  —-6.22611E-17 3.97686E-22

Surface D E F

Mirror 1 1.15793E-22  -2.70203E-26 1.70913E-30 0.00000E+00

Mirror 2 ~1.06065E-19 1.63883E-23  —1.10394E-27 0.00000E+00

Mirror 3 —7.94689E-27 1.74105E-33 1.29251E-38 0.00000E+00

Mirror 4 7.84526E-24  -4.94145E-29 1.32806E-34 0.00000E+00

Mirror 5 6.94133E-21  -6.19939E-25 9.05297E-29 0.00000E+00

Mirror 6 8.71534E-27  -1.78347E-31 7.69324E-37 0.00000E+00

Mirror 7 8.47783E-26  -5.55624E-30  -2.20618E-34 0.00000E+00

Mirror 8 2.92953E-29 2.28833E-34  -1.14558E-40 0.00000E+00

Mirror 9 2.96880E-28 1.02229E-33 1.04271E-39 0.00000E+00

Mirror 10 5.02383E-28  -2.14813E-33 3.31869E-39 0.00000E+00

FIG. 22 shows an expanded view of an embodiment of a 35 images radiation from object plane 103 to image plane 102

second partial objective 1020 and a third partial objective
1030. Second partial objective 1020 includes convex mirror
S105 and concave mirror S110. Third partial objective
includes concave mirror S120 and concave mirror S130. An
intermediate image 72 is formed at or near the position of
mirror S105 by second partial objective 1020. The interme-
diate image at or near the location of mirror S105 leads to a
surface obscuration of about 10% of the pupil of the projec-
tion objective.

FIG. 23 shows an expanded view of another embodiment
of'a second partial objective 1020 and a third partial objective
1030. Second partial objective 1020 includes convex mirror
S105 and concave mirror S110. Third partial objective
includes concave mirror S120 and concave mirror S130. In
this embodiment, surface obscuration of the pupil of the pro-
jection objective is about 8% as a result of positioning inter-
mediate image Z2 between mirrors S105 and S130. Along the
light path’s mirror sequence from the object plane to the
image plane, these mirrors are, respectively, the fourth-from-
last mirror and the last mirror from the object plane. The
mirrors are selected so that the condition d,/d,=z,/z, is met,
where d, is the diameter of mirror S130, d, is the diameter of
mirror S105, 7, is the distance from intermediate image Z2 to
the surface of mirror S130, and z, is the distance from inter-
mediate image 72 to the surface of mirror S105.

FIG. 24 shows an expanded view of an embodiment of a
third partial objective 1030 in which a Mangin mirror S140 is
used in place of mirror S120 in FIG. 23, for example. A
system with a Mangin mirror has the advantage that the space
required for mounting the mirror is made available by the
optical element E140 through which the light has to pass in
order to reflect from mirror S140, which is located on a back
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with a demagnification ratio of 8x and a resolution of about
100 nm. The optical axis in relation to which the projection
objective is rotationally symmetric is identified as HA, and
the overall length of the system from object plane 103 to the
image plane 102, the lengthwise dimension, L, is 2,500 mm.

Projection objective 2500 has a ring-segment field. The
image-side field width, d,, is 13 mm. The image-side field
radius, d,, is 18.75 mm. The image-side field length, d,, is 1
mm. Image-side W, .15 0.023A. Image-side field curvature is
59 nm.

The order and curvature of mirrors according to the path of
radiation from object plane 103 to image plane 102 is as
follows: mirror S10 is a convex mirror; mirror S20 is a con-
cave mirror; mirror S50 is a concave mirror; mirror S60 is a
convex mirror; mirror S70 is a convex mirror; mirror S80 is a
concave mirror; mirror S30 is a convex mirror; mirror S40 is
a concave mirror; mirror SK1 is a concave mirror; and mirror
SK2 is a concave mirror. Mirror SK1 is a Mangin mirror, as
discussed previously.

Mirrors S30, S40, SK1, and SK2 include openings. Mirrors
S10, S20, S50, S60, S70 and S80 do not include openings.
The resulting obscuration radius that provides a field-inde-
pendent obscuration is 28% of the aperture radius.

The image-side free working distance is 10 mm. The
object-side free working distance is 100 mm.

The maximum angle of incidence on mirrors S10, S20,
S30, S40, S50, S60, S70, S80, SK1, and SK2 of a chief ray of
acentral field point is 37.6°. The maximum angle of incidence
of any ray on mirrors S10, S20, S30, S40, S50, S60, S70, S80,
SK1, and SK2 is 49.4°. The maximum range of incident
angles on any of mirrors S10, S20, S30, S40, S50, S60, S70,
S80, SK1, and SK2 is 22.4°.
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The size of the largest mirror in meridional section is 889
mm. The size of the largest mirror in the x-direction is 883
mm.

The mirrors are arranged so that projection objective 2500

56

ness can be relatively constant over the mirror surface. In
addition, lower angles of incidence can result in higher reflec-
tivity from the mirror surface.

contains three partial objectives: a first partial objective 1010, > TABLE 17A
a second partl.al objectlye }020, e}nd a third partial objective Surface Radius Thickness Mode N
1030. Accordingly, projection objective 2500 produces three
pupil planes and two intermediate images. At least one of the Object INFINITY  533.185
1l . ible f ioni cture st Mirror 1 998.875  -433.185 REFL
pupil planes is accessible for positioning an aperture stop. Mirror 2 1507.19 066.402 REFL
First partial objective 1010 has a total of six mirrors: mirror Mirror 3 -1186.286  -333.216 REFL
S10, mirror S20, mirror S50, mirror S60, mirror S70, and ﬁ?m’r ‘5‘ _;Zéégg ‘7‘32-‘6‘% g%
. . . . . . 1101 . - .
mirror S80. Flrst. partial Ql?Jectlve 1010 fonps a first interme- Mirror 6 §75.806  1462.434 REFL
diate image 71 in a position at or near mirror S40. Second STOP INFINITY 0.000
partial objective 1020 has a total of two mirrors: mirror S30, 15 Mirror 7 2012.09 -663.855 REFL
and mirror S40. Second partial objective 1020 forms an inter- Mirror 8 868.41 1161.917 REFL
diate i 72 at or near the position of mirror S30. Third Sphere C1142612 99-999 REFR 1.360491
mediate image p I >3U. Mirror 9 -1173.131 -99.999  REFL 1560491
partial objective 1030 has a total of two mirrors: mirror SK1, Sphere ~1142.612  -398.063 REFR
and mirror SK2. Third partial objective 1030 forms an image Mirror 10 864.134 398.063 REFL
at or near the position of image plane 102. Sphere -1142.612 99.999 REFR 1.560491
L .S . . 20 Asphere -1173.131 9.950 REFR
Data for projection objective 2500 is presented.ln Table Image INFINITY 0.000
17A and Table 17B below. Table 17A presents optical data,
while Table 17B presents aspherical constants for each of the
TABLE 17B
Surface K A B C
Mirror 1 0.00000E+00  —4.63661E~10 1.49173E-15  1.17129E-20
Mirror 2 0.00000E+00  -6.57662E-11  -4.99638E-17  4.57647E-23
Mirror 3 0.00000E+00 136485E-11  -1.81657E-17  5.69451E-23
Mirror 4 0.00000E+00 434663E-10  -1.84433E-15  1.91302E-20
Mirror 5 0.00000E+00  -2.90145E-10  -4.30363E-14  2.45843E-17
Mirror 6 0.00000E+00  -8.22539E-11 5.31955E-18  -3.31349E-22
Mirror 7 0.00000E+00 8.95414E-10 0.00000E+00  0.00000E+00
Mirror 8 0.00000E+00 6.40715E-11 7.25579E-17  1.14913E-22
Mirror 9 0.00000E+00 1.11862E-10 9.94515E-17  3.86584E-22
Mirror 10 0.00000E+00  —1.92745E-10 3.60396E-16  2.01867E-22
Asphere 0.00000E+00 1.11862E-10 9.94515E-17  3.86584E-22
Surface D E F G
Mirror 1 -1.03763E-25  —3.90507E-32  0.00000E+00  0.00000E+00
Mirror 2 -5.45358E-30  -1.74383E-34  0.00000E+00  0.00000E+00
Mirror 3 ~7.91336E-29 9.23378E-36  0.00000E+00  0.00000E+00
Mirror 4 ~1.21633E-25 3.53832E-31 0.00000E+00  0.00000E+00
Mirror 5 ~1.57578E-21 2.19218E-25 0.00000E+00  0.00000E+00
Mirror 6 3.61420E-28 5.96686E-34  0.00000E+00  0.00000E+00
Mirror 7 9.11424E-25  -4.57429E-30  0.00000E+00  0.00000E+00
Mirror 8 2.64566E-28  —1.96096E-34 1.92729E-39  0.00000E+00
Mirror 9 5.06626E-28  —1.28846E-33 1.47731E-38  0.00000E+00
Mirror 10 7.88027E-28  -2.94908E-33 2.20072E-38  0.00000E+00
Asphere 5.06626E-28  —1.28846E-33 1.47731E-38  0.00000E+00
mirror surfaces. For the purposes of Table 17A and Table 17B, 50  Referring to FIG. 26, an embodiment of a projection objec-
the mirror designations correlate as follows: mirror 1 corre- tive 2600 includes six mirrors S100, S200, S300, S400, S500,
sponds to mirror S10; mirror 2 corresponds to mirror S20; and 8600, and has an image-side numerical aperture of 0.5 at
mirror 3 corresponds to mirror S50; mirror 4 corresponds to 21;OO(Fegjt&ggsvg?)\(’)elengﬂsl&% 13.5 ﬁm l\ﬁhrrori 5100, S%)OO’
mirror S60; mirror 5 corresponds to mirror S70; mirror 6 DU T , and are a’l aspierica’ MIIrors. Fro-
55 Jjectionobjective 2600 images radiation from object plane 103

corresponds to mirror S80; mirror 7 corresponds to mirror
S30; mirror 8 corresponds to mirror S40; mirror 9 corre-
sponds to mirror SK1; and mirror 10 corresponds to mirror
SK2.

To provide a realization of low angles of incidence in a high
aperture system, it can be advantageous if the second mirror
in the light path of the first partial objective is a concave
mirror. This may lead to relatively low angles of incidence on
all mirrors. Further, this design choice can facilitate the pro-
duction of mirror coatings because low angles of incidence
reduce the need for providing a coating with a lateral thick-
ness variation of the mirror surface. Instead, the coating thick-
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to image plane 102 with a demagnification ratio of 8x and a
resolution of about 17 nm. The optical axis in relation to
which the projection objective is rotationally symmetric is
identified as HA, and the overall length of the system from
object plane 103 to the image plane 102, the lengthwise
dimension, L, is 1,521 mm.

Projection objective 2600 has a ring-segment field. The
image-side field width, d,, is 13 mm. The image-side field
radius, d,, is 9.75 mm. The image-side field length, d,, is 1
mm. Image-side W, is 0.028\. Image-side field curvature is
10 nm.

The order and curvature of mirrors according to the path of
radiation from object plane 103 to image plane 102 is as
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follows: mirror S100 is a concave mirror; mirror S200 is a
concave mirror; mirror S300 is a convex mirror; mirror S400
is a concave mirror; mirror S500 is a convex mirror; and
mirror S600 is a concave mirror. The use of a concave second
mirror S200 provides for relatively low angles of incidence in
this embodiment.

Mirrors S500 and S600 include openings. Mirrors S100,
S200, S300, and S400 do not include openings. The resulting
obscuration radius that provides a field-independent obscu-
ration is 25% of the aperture radius.

The image-side free working distance is 39 mm. The
object-side free working distance is 158 mm.

The maximum angle of incidence on mirrors S100, S200,
S300, S400, S500, and S600 of a chief ray of a central field
point is 12.3°. The maximum angle of incidence of any ray on
mirrors S100, S200, S300, S400, S500, and S600 is 16.9°.
The maximum range of incident angles on any of mirrors
$100, S200, S300, S400, S500, and S600 is 7.5°. The size of
the largest mirror in meridional section is 675 mm. The size of
the largest mirror in the x-direction is 687 mm.

The mirrors are arranged so that projection objective 2600
contains two partial objectives: a first partial objective 1010
and a second partial objective 1020. Accordingly, projection
objective 2600 produces two pupil planes and one interme-
diate image. At least one of the pupil planes is accessible for
positioning an aperture stop. At least one of the pupil planes
is accessible for positioning an obscuration stop. For
example, in the embodiment shown, an obscuration stop AB
is positioned between mirrors S300 and S400. By positioning
the obscuration stop in this location, a field-independent
obscuration of about 25% with a fully open aperture is real-
ized.

First partial objective 1010 has a total of four mirrors:
mirror S100, mirror S200, mirror S300, and mirror S400.
First partial objective 1010 forms a first intermediate image
71 in a position between mirrors 5400 and 5500. Second
partial objective 1020 has a total of two mirrors: mirror S500,
and mirror S600. Second partial objective 1020 forms an
image at or near the position of image plane 102.

An aperture stop B is positioned between mirrors 5500 and
5600.

When the obscuration stop AB, which defines the inside
radius of the illuminated field and thus the obscuration, is
arranged between two mirrors, i.e., relatively far from a mir-
ror position, the obscuration stop is passed only once in the
light path of the imaging light ray bundle, so that no vignett-
ing effects occur. Further, sufficient space for the obscuration
stop is provided (i.e., the stop is not constricted by space
requirements for mirrors), so that the obscuration stop is
easily interchangeable, since it is not realized by an anti-
reflection coating on a mirror.

In the embodiment shown, aperture stop B and obscuration
stop AB are located in two different stop planes that are
conjugate to one another and are at a distance from each of the
mirrors. Aperture stop B is positioned in stop plane P500 and
the obscuration stop lies in stop plane P600. The planes P500
and P600 are conjugate to the entry pupil of the projection
objective, and lie at the point of intersection of the principal
ray (i.e., chief ray CR) and axis HA of the objective.

The angles of incidence of the principal ray of the central
field point on all mirrors are smaller than 20° relative to the
local surface-normal direction. The maximum angle of inci-
dence of the principal ray of the central field point in the
objective occurs on mirror S300 and is 12.3°, as discussed
above. As a result of maintaining the angles of incidence on
the mirrors small, a higher reflectivity from the individual
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mirrors is realized, and a higher transmissivity for the overall
objective is obtained. In particular, the reflectivity for p-po-
larized components of light decreases as the angle of inci-
dence increases.

Data for projection objective 2600 is presented in Table
18A and Table 18B below. Table 18A presents optical data,
while Table 18B presents aspherical constants for each of the
mirror surfaces. For the purposes of Table 18 A and Table 18B,
the mirror designations correlate as follows: mirror 1 corre-
sponds to mirror S100; mirror 2 corresponds to mirror S200;
mirror 3 corresponds to mirror S300; mirror 4 corresponds to
mirror S400; mirror 5 corresponds to mirror S500; mirror 6
corresponds to mirror S600; STOP corresponds to aperture
stop B; and Image corresponds to image plane 102.

TABLE 18A

Surface Radius Thickness Mode

Object INFINITY 670.918

Mirror 1 -119254.844 -513.109 REFL

Mirror 2 1058.494 657.514 REFL

Mirror 3 236.520 -352.038 REFL

Mirror 4 406.062 1018.792 REFL

Mirror 5 2416.511 -213.326 REFL

STOP INFINITY -406.623

Mirror 6 813.393 659.142 REFL

Image INFINITY 0

TABLE 18B

Surface K A B
Mirror 1 0.00000E+00 -1.71227E-10 1.21604E-16
Mirror 2 0.00000E+00 -3.98375E-11 -5.16759E-17
Mirror 3 0.00000E+00 2.49910E-09 5.14762E-13
Mirror 4 0.00000E+00 6.84051E-10 5.83113E-15
Mirror 5 0.00000E+00 1.05935E-09 2.78882E-15
Mirror 6 0.00000E+00 2.33770E-11 5.31421E-17
Surface C D E
Mirror 1 -1.63049E-21 4.61626E-27 0.00000E+00
Mirror 2 -1.23197E-22 -2.34001E-28 0.00000E+00
Mirror 3 -1.78225E-17 7.40434E-22 0.00000E+00
Mirror 4 5.23435E-20 3.88486E-25 5.48925E-30
Mirror 5 1.34567E-20 5.03919E-26 8.14921E-31
Mirror 6 9.34234E-23 1.04943E-28 4.61313E-34

Referring to FI1G. 27, an embodiment of a projection objec-
tive 2700 includes six mirrors S100, S200, S300, S400, S500,
and S600, and has an image-side numerical aperture of 0.5 at
an operating wavelength of 13.5 nm. Mirrors S100, S200,
S300, S400, S500, and S600 are all aspherical mirrors. Pro-
jection objective 2700 images radiation from object plane 103
to image plane 102 with a demagnification ratio of 8x and a
resolution of about 17 nm. The optical axis in relation to
which the projection objective is rotationally symmetric is
identified as HA, and the overall length of the system from
object plane 103 to the image plane 102, the lengthwise
dimension, L, is 1,500 mm.

Projection objective 2700 has a ring-segment field. The
image-side field width, d,, is 13 mm. The image-side field
radius, d,, is 12.5 mm. The image-side field length, d , is 1
mm. Image-side W, . is 0.02\. Image-side field curvature is
7 nm.

The order and curvature of mirrors according to the path of
radiation from object plane 103 to image plane 102 is as
follows: mirror S100 is a convex mirror; mirror S200 is a
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concave mirror; mirror S300 is a convex mirror; mirror S400
is a concave mirror; mirror S500 is a convex mirror; and
mirror S600 is a concave mirror.

Mirrors S500 and S600 include openings. Mirrors S100,
S200, S300, and S400 do not include openings. The resulting
obscuration radius that provides a field-independent obscu-
ration is 22% of the aperture radius.

The image-side free working distance is 30 mm. The
object-side free working distance is 100 mm.

60

in these embodiments is mirror S300. As in preceding
embodiments, the distance from intermediate image Z1 to
mirror S300 is determined by the distance from vertex V300
of mirror S300 to intermediate image Z1 along axis HA.
Alternatively, or in addition to, the above property, the goal
of'a small obscuration may be further realized by maintaining
the distance from intermediate image Z1 to the geometrically
nearest mirror of second partial objective 1020 as less than
about 8% of the lengthwise dimension of the objective. In

The maximum angle of incidence on mirrors S100, S200, 10 . . .
3300, S400. S500. and S600 of a chief rav of a central field these embodiments, the geometrically nearest mirror of sec-
point,is 77 4’0 The,maximum angle o fincigence ofany ray on ond partial objective 1020 is mirror S600. As in preceding
mirrors Sl.00. S200. S300. S400. S500. and S600 is 34.9° embodiments, the distance from intermediate image Z1 to
The maximum rang?e of incident angle; on any of mirrors mirror $600 is determined by the distance from vertex V600
$100. S200. S300. S400. S500. and S600 is 15.0° 15 of mirror S600 to intermediate image Z1 along axis HA.
The size of the largest mirror in meridional section is 664 As a further adyantageous measure, the dlstanc.e between
. The size of the largest mirror in the x-direction is 677 vertex V200 of mirror S200 and vertex V300 of mirror S300
may be larger than about 18% of the lengthwise dimension of
The mirrors are arranged so that projection objective 2700 chObJ ective. her ad it dto th
contains two partial objectives: a first partial objective 1010 20 bs g.et anot ?rFZIl G\/San;a6geogszr;1eahsure Wit friga(ri. to the
and a second partial objective 1020. Accordingly, projection embodiments o >. 26 and 27, the ratio of the diameter
objective 2700 produces two pupil planes and one interme- D609 ofmlrro.r S6,00 (1.e.., th,e mirror having the. larg.est dlgm-
diate image. At least one of the pupil planes is accessible for eter in the projection obj eCUV?) to the lengthwise .dlmens%on
positioning an aperture stop. At least one of the pupil planes of'the system is less than 0.9 times as large as the image-side
is accessible for positioning an obscuration stop. For 25 MWIer ical aperture. .. . .
example, in the embodiment shown, an obscuration stop AB Data for projection objective 2700 is presented.ln Table
is positioned between mirrors S300 and S400 in plane P600. 19A and Table 19B below. Tabl? 19A presents optical data,
First partial objective 1010 has a total of four mirrors: while Table 19B presents aspherical constants for each of the
mirror S100. mirror S200. mirror S300. and mirror S400. mirror surfaces. For the purposes of Table 19A and Table 19B,
First partial objective 1010 forms a first intermediate image 30 the mirror d.emgnatlons cgrrelate as follows: aurror 1 corre-
71 in a position between mirrors S400 and S500. Second Spo nds to mirror S100; furror 2 corresppnds to mirror S200;
partial objective 1020 has a total of two mirrors: mirror S500 mirror 3 corresponds to mirror S300; mirror 4 corresponds to
and mirror S600. Second partial objective 1020 forms aI; mirror S400; mirror 5 corresponds to mirror S500; mirror 6
image at or near the position of image plane 102. corresponds to mirror S600; STOP corresponds to aperture
An aperture stop B is positioned between mirrors S500 and 35 stop B; and Image corresponds to image plane 102.
S600 in plane P500.
The embodiments shown in FIGS. 26 and 27 differ from TABLE 19A
one another in their ray tracing patterns in the area of mirrors Surface Radius Thickness Mode
S100 and S200. In the embodiment of FIG. 26, the third
mirror S300 is positioned so that the ray paths intersect in the 40 Object INFINITY 294.339
area between mirrors S100 and S200. In the embodiment of ﬁiggg igg';g _;21';319 Egi
FIG. 27, the rays do not cross their own paths. Mirror 3 270.258 275539 REFL
The embodiments of FIGS. 26 and 27 can have the follow- Mirror 4 290.188 890.999 REFL
ing advantageous properties. In order to obtain an obscuration Mirror 5 9383.676 ~194.679 REFL
that is as small as possible, the distance from intermediate 45 ;Eggr p Iii?gg _ﬁgggl REFL
image Z1 to the geometrically nearest mirror of first partial Image INFINITY 0
objective 1010 is less than about 15% of the lengthwise
dimension of the objective. The geometrically nearest mirror
TABLE 19B
Surface K A B C
Mirror 1 0.00000E+00  —4.96680E—-09 8.07536E-14  -5.21657E-18
Mirror 2 0.00000E+00  —2.08389E-10 9.04247E-16  -1.82476E-20
Mirror 3 0.00000E+00  -8.58156E-10  -1.09899E-14  1.23347E-16
Mirror 4 0.00000E+00  -3.90441E-10  -7.66964E-15  8.88342E-20
Mirror 5 0.00000E+00 9.99387E-10 2.33248E-15  8.58665E-21
Mirror 6 0.00000E+00 4.04329E-11 7.49328E-17  1.16246E-22
Surface D E F G
Mirror 1 1.71166E-22  —3.14607E-27 243204E-32  0.00000E+00
Mirror 2 9.83920E-26  -3.32658E-31 0.00000E+00  0.00000E+00
Mirror 3 -9.03339E-20 3.25799E-23  -4.65457E-27  0.00000E+00
Mirror 4 -3.20552E-23 3.31626E-27  -1.39847E-31  0.00000E+00
Mirror 5 3.37347E-26 3.00073E-31 3.53144E-37  0.00000E+00
Mirror 6 1.88402E-28 1.78827E-34 9.03324E-40  0.00000E+00




US 9,304,407 B2

61

FIG. 28 shows an illumination system 3000 in conjunction
with an embodiment of a projection objective 2800. I1lumi-
nation system 3000 includes a light source 3010 and a grating
incidence collector. A spectral filter element 3020 can be
configured as a diffractive spectral filter. In combination with
stop 3030 in proximity to an intermediate image ZQ of the
light source, this arrangement permits the exclusion of unde-
sirable radiation, for example, radiation with wavelengths
significantly larger than the desired wavelength, from enter-
ing the part of the illumination system that lies beyond stop
3030. Arranged in the illumination system along the light path
after stop 3030 is a raster-type mirror with raster elements or
field facets 3040. The field facets separate light ray bundle
3050 emerging from spectral filter 3020 into a plurality of
individual light ray bundles, each with an associated second-
ary light source. The locations of the secondary light sources
are in the vicinity of individual raster elements of a second
raster-type mirror. The raster elements of the second raster-
type mirror are referred to as pupil facets.

Doubly-faceted illumination systems have been disclosed,
for example, in U.S. Pat. No. 6,195,201, where the field raster
elements or field facets have the same shape as the field that is
to be illuminated in the object plane, so that the field facets
determine the shape of the field in the object plane. If the field
in the object plane has the shape of, for example, a segment of
a circle, then the field facets are likewise segment-shaped.
Alternatively, in some embodiments, the field raster elements
can have a rectangular shape, see for example U.S. Pat. No.
6,198,793, where shaping of the field occurs with the help of
a field-shaping mirror.

Object plane 3090 into which the field is projected coin-
cides with object plane 103 of the projection objective. The
projection objective projects an image of the field in object
plane 103 into a field in image plane 102. In image plane 102,
a substrate with a light-sensitive coating can be positioned,
such as a wafer, for example.

The system shown is distinguished by the entry of principal
rays on divergent paths into the entry pupil of the projection
objective that coincides with the exit pupil of illumination
system 3000. In the light path from light source 3010 to object
plane 3090, the entry pupil of the projection objective is
positioned in front of object plane 3090. Projection systems
having a negative entry pupil are disclosed, for example, in
PCT Patent Application No. WO 2004/010224.

Projection objective 2800 includes eight mirrors S1-S6,

SK1, and SK2, and has an image-side numerical aperture of
0.5 at an operating wavelength of 13.5 nm. Mirrors S1-S6,
SK1, and SK2 are all aspherical mirrors. Projection objective
2800 images radiation from object plane 103 to image plane
102 with a demagnification ratio of 4x and a resolution of
about 17 nm. The optical axis in relation to which the projec-
tion objective is rotationally symmetric is identified as HA,
and the overall length of the system from object plane 103 to
the image plane 102, the lengthwise dimension, L, is 1,711
mm.
Projection objective 2800 has a ring-segment field. The
image-side field width, d,, is 13 mm. The image-side field
radius, d,, is 13.0 mm. The image-side field length, d , is 1
mm. Image-side W, .15 0.044.. Image-side field curvature is
12 nm.

The order and curvature of mirrors according to the path of
radiation from object plane 103 to image plane 102 is as
follows: mirror S1 is a convex mirror; mirror S2 is a concave
mirror; mirror S5 is a convex mirror; mirror S6 is a concave
mirror; mirror S3 is a convex mirror; mirror S4 is a concave
mirror; mirror SK1 is a concave mirror; and mirror SK2 is a
concave mirror.
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Mirrors S3, S4, SK1, and SK2 include openings. Mirrors
S1, S2, S5, and S6 do not include openings. The resulting
obscuration radius that provides a field-independent obscu-
ration is 36% of the aperture radius.

The image-side free working distance is 69 mm. The
object-side free working distance is 100 mm.

The maximum angle of incidence on mirrors S1-S6, SK1,
and SK2 of a chief ray of a central field point is 19.4°. The
maximum angle of incidence of any ray on mirrors S1-S6,
SK1, and SK2 is 21.8°. The maximum range of incident
angles on any of mirrors S1-S6, SK1, and SK2 is 15.0°.

The size of the largest mirror in meridional section is 385
mm. The size of the largest mirror in the x-direction is 616
mm.

The mirrors in projection objective 2800 are arranged so
that projection objective 2800 contains three partial objec-
tives: a first partial objective 1010, a second partial objective
1020, and a third partial objective 1030. Accordingly, projec-
tion objective 2800 produces three pupil planes and two inter-
mediate images. At least one of the pupil planes is accessible
for positioning an aperture stop. At least one of the pupil
planes is accessible for positioning an obscuration stop. For
example, in the embodiment shown, an obscuration stop can
be positioned between mirrors S1 and S2.

First partial objective 1010 has a total of four mirrors:
mirror S1, mirror S2, mirror S5, and mirror S6. First partial
objective 1010 forms a first intermediate image 71 in a posi-
tion between mirrors S6 and S3. Second partial objective
1020 has a total of two mirrors: mirror S3, and mirror S4.
Second partial objective 1020 forms a second intermediate
image 72 at or near the position of mirror S3. Third partial
objective 1030 has a total of two mirrors: mirror SK1 and
mirror SK2. Third partial objective 1030 forms an image at or
near the position of image plane 102.

Referring to FI1G. 29, an embodiment of a projection objec-
tive 2900 includes ten mirrors MIR1-MIR10, and has an
image-side numerical aperture of 0.72 at an operating wave-
length of 100 nm. Mirrors MIR1-MIR10 are all aspherical
mirrors. Projection objective 2900 images radiation from
object plane 103 to image plane 102 with a demagnification
ratio of 8x and a resolution of about 49 nm. The optical axis
in relation to which the projection objective is rotationally
symmetric is identified as HA, and the overall length of the
system from object plane 103 to the image plane 102, the
lengthwise dimension, L, is 1,374 mm.

Projection objective 2900 has a ring-segment field. The
image-side field width, d,, is 13 mm. The image-side field
radius, d,, is 15.0 mm. The image-side field length, d,, is 1
mm. Image-side W, _is 0.0036). Image-side field curvature
is 2 nm.

The order and curvature of mirrors according to the path of
radiation from object plane 103 to image plane 102 is as
follows: mirror MIR1 is a concave mirror; mirror MIR2 is a
concave mirror; mirror MIR3 is a convex mirror; mirror
MIR4 is a concave mirror; mirror MIR5 is a concave mirror;
mirror MIR6 is a convex mirror; mirror MIR7 is a convex
mirror; mirror MIRS8 is a concave mirror; mirror MIR9 is a
concave mirror; and mirror MIR10 is a concave mirror.

Mirrors MIR7, MIR8, MIR9 and MIR10 include openings.
Mirrors MIR1, MIR2, MIR3, MIR4, MIR5 and MIR6 do not
include openings. The resulting obscuration radius that pro-
vides a field-independent obscuration is 32% of the aperture
radius.

The image-side free working distance is 20 mm. The
object-side free working distance is 50 mm.

The maximum angle of incidence on mirrors MIR1-
MIR10 of a chief ray of a central field point is 48.0°. The
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maximum angle of incidence of any ray on mirrors MIR1- TABLE 20A
MIR10 is 58.9°. The maximum range of incident angles on
any of mirrors MIR1-MIR10 is 35.6°. Surface Radius Thickness Mode
The size of the largest mirror in meridional section is 366 Object INFINITY 750.158
mm. The size of the largest mirror in the x-direction is 378 ° Mirror 1 ~3645.207 700.158 REFL
: 1) Mirror 2 1388.693 700.158 REFL
mm. Mirror 3 421.919 -239.680 REFL
. o A Mirror 4 928.703 450.888 REFL
Thf: mirrors are arraggeq so that prOJectlpn obJ ect.lve 2900 Mirror 5 16927 82083 REFL
contains two partial objectives: a first partial objective 1010 Mirror 6 -232.317 253.878 REFL
and a second partial objective 1020. Accordingly, projection 10 Mirror 7 138.033 -203.878 REFL
objective 2900 produces three pupil planes and two interme- Mirror 8 231.384 424.892 REFL
S : - . Mirror 9 -631.742 -28.814 REFL
diate images. At least one of the pupil planes is accessible for
. . STOP INFINITY ~179.600
positioning an aperture stop. At least one of the pupil planes Mirror 10 350.774 228,408 REFL
is accessible for positioning an obscuration stop. For Image INFINITY 0.000
example, an obscuration stop can be positioned on between 15
mirrors MIR1 and MIR2.
TABLE 20B
Surface K A B C
Mirror 1 -6.06373E+01 0.00000E+00 1.35009E-14  —2.59993E-19
Mirror 2 2.31409E+01 0.00000E+00 -1.13367E-14  -1.77547E-19
Mirror 3 7.66282E+00 0.00000E+00 -1.35197E-13  -3.76649E-18
Mirror 4 3.19172E+00 0.00000E+00 -3.50329E-15  1.79751E-20
Mirror 5 -8.19082E-01 0.00000E+00 -3.63599E-15  1.44815E-20
Mirror 6 ~2.80654E+00 0.00000E+00 -1.90563E-13  7.53932E-18
Mirror 7 -4.36872E+00 0.00000E+00 -5.57748E-11  9.38288E-15
Mirror 8 ~7.83804E-02 0.00000E+00 -3.99246E-15  1.05336E-20
Mirror 9 ~2.02616E+01 0.00000E+00 3.77305E-13  -5.08163E-18
Mirror 10 6.67169E-01 0.00000E+00 2.85323E-16  —4.15075E-20
Surface D E F G
Mirror 1 4.09829E-24  -2.02663E-29  -1.37613E-33  0.00000E+00
Mirror 2 6.90094E-24  —1.55471E-28 0.00000E+00  0.00000E+00
Mirror 3 1.52791E-22  -1.47257E-26 0.00000E+00  0.00000E+00
Mirror 4 2.37312E-26  —3.74208E-31 0.00000E+00  0.00000E+00
Mirror 5 7.93942E-26 2.39496E-30 0.00000E+00  0.00000E+00
Mirror 6 -1.22667E-22 7.73753E-28 0.00000E+00  0.00000E+00
Mirror 7 -4.67133E-20 1.96718E-27 1.85277E-26  0.00000E-+00
Mirror 8 -2.12451E-26  —3.54563E-29 3.35753E-34  0.00000E+00
Mirror 9 224127E-22  —-4.81678E-27 8.20784E-32  0.00000E+00
Mirror 10 6.10237E-25  —8.56806E-30 5.42702E-35  0.00000E+00

First partial objective 1010 has a total of eight mirrors:
mirrors MIR1-MIRS. First partial objective 1010 forms a first
intermediate image 71 in a position between mirrors MIR6
and MIR7. First partial objective 1010 also forms a second
intermediate image 72 in a position at or near the position of
mirror MIR10. Second partial objective 1020 has a total of
two mirrors: mirrors MIR9 and MIR10. Second partial objec-
tive 1020 forms an image at or near the position of image
plane 102.

An aperture stop B is positioned between mirrors MIR9
and MIR10.

Data for projection objective 2900 is presented in Table
20A and Table 20B below. Table 20A presents optical data,
while Table 20B presents aspherical constants for each of the
mirror surfaces. For the purposes of Table 20A and Table 20B,
the mirror designations correlate as follows: mirror 1 corre-
sponds to mirror MIR1; mirror 2 corresponds to mirror
MIR2; mirror 3 corresponds to mirror MIR3; mirror 4 corre-
sponds to mirror MIR4; mirror S corresponds to mirror
MIRS; mirror 6 corresponds to mirror MIR6; mirror 7 corre-
sponds to mirror MIR7; mirror 8 corresponds to mirror
MIRE; mirror 9 corresponds to mirror MIR9; mirror 10 cor-
responds to mirror MIR10; STOP corresponds to aperture
stop B; and Image corresponds to image plane 102.
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Referring to FI1G. 30, an embodiment of a projection objec-
tive 3000 includes ten mirrors MIR1-MIR10, and has an
image-side numerical aperture of 0.85 at an operating wave-
length of 100 nm. Mirrors MIR1-MIR10 are all aspherical
mirrors. Projection objective 3000 images radiation from
object plane 103 to image plane 102 with a demagnification
ratio of 8x and a resolution of about 41 nm. The optical axis
in relation to which the projection objective is rotationally
symmetric is identified as HA, and the overall length of the
system from object plane 103 to the image plane 102, the
lengthwise dimension, L, is 1,942 mm.

Projection objective 3000 has a ring-segment field. The
image-side field width, d,, is 13 mm. The image-side field
radius, d,, is 14.5 mm. The image-side field length, d,, is 1
mm. Image-side W, is 0.013A. Image-side field curvature is
6 nm.

The order and curvature of mirrors according to the path of
radiation from object plane 103 to image plane 102 is as
follows: mirror MIR1 is a concave mirror; mirror MIR2 is a
concave mirror; mirror MIR3 is a convex mirror; mirror
MIR4 is a concave mirror; mirror MIRS is a convex mirror;
mirror MIRG6 is a concave mirror; mirror MIR7 is a concave
mirror; mirror MIRS8 is a concave mirror; mirror MIR9 is a
concave mirror; and mirror MIR10 is a concave mirror.

Mirrors MIR7, MIR8, MIR9 and MIR10 include openings.
Mirrors MIR1, MIR2, MIR3, MIR4, MIRS5 and MIR6 do not
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include openings. The resulting obscuration radius that pro-
vides a field-independent obscuration is 28% of the aperture
radius.

The image-side free working distance is 15 mm. The
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mirror surfaces. For the purposes of Table 21 A and Table 21B,
the mirror designations correlate as follows: mirror 1 corre-
sponds to mirror MIR1; mirror 2 corresponds to mirror
MIR2; mirror 3 corresponds to mirror MIR3; mirror 4 corre-

object-side free working distance is 50 mm. 5 sponds to mirror MIR4; mirror S corresponds to mirror
The maximum angle of incidence on mirrors MIR1- MIRS; mirror 6 corresponds to mirror MIRE; mirror 7 corre-
MIR10 of a chief ray of a central field point is 30.0°. The sponds to mirror MIR7; mirror 8 corresponds to mirror
maximum angle of incidence of any ray on mirrors MIR1- MIRS; mirror 9 corresponds to mirror MIR9; mirror 10 cor-
MIR10 is 32.4°. The maximum range of incident angles on o responds to mirror MIR10; STOP corresponds to aperture
. . A ]
any ofmlnors MIR1-MIR10 is 31.3°. o stop B; and Image corresponds to image plane 102.
The size of the largest mirror in meridional section is 650
mm. The size of the largest mirror in the x-direction is 704 TABLE 21A
mm.
Thf: mirrors are arraqgeq so that projection obj ective 3000 Surface Radins Thickness Mode
contains four partial objectives: a first partial objective 1010, 15
a sgcor;d paﬁtlal obj lecgye 1'020i 3 ;I(;lri pam;l ole ective 10.30, Object INFINITY 381.457
and a .ourt partial objective 10. Accordingly, pI'.OJeCUOIl Mirror 1 _1379.982 331458 REFL
objective 3000 produces four pupil planes and three interme-
S . . . STOP INFINITY 0.000
diate images. At least one of the pupil planes is accessible for ;
N . 20 Mirror 2 862.420 409.088 REFL
positioning an aperture stop. At least one of the pupil planes i
: : oot . Mirror 3 294.135 -393.417 REFL
is accessible for positioning an obscuration stop. For i
example, an obscuration stop can be positioned on mirror Mirror 4 674.870 1003.719 REFL
MIR2 Mirror 5 159.301 -486.152 REFL
First partial objective 1010 has a total of four mirrors: Mirror 6 519.366 977.030 REFL
mirrors MIR1-MIR4. First partial objective 1010 forms a first 25 Mirror 7 -1878.719 —448.038 REFL
intermediate image 71 in a position between mirrors MIR4 Mirror 8 805.537 814.366 REFL
and MIRS5. Second partial objective 1020 has a total of two Mirror 9 —1449.005 -316.328 REFL
mirrors: mirrors MIRS and MIR 6. Second partial objective Mirror 10 452.987 331.329 REFL
1020 forms a second intermediate image Z2 in a position at or Image INFINITY 0.000
near the position of mirror MIR8. Third partial objective 1030 30
has a total of two mirrors: mirrors MIR7 and MIRS8. Third
TABLE 21B
Surface K A B C
Mirror 1 0.00000E+00 2.55145E-09  -6.09305E-14  4.98564E-19
Mirror 2 0.00000E+00  -2.87984E-10 1.89704E-13  -1.31315E-16
Mirror 3 0.00000E+00  -9.84186E-09 5.83377E-14  1.68182E-18
Mirror 4 0.00000E+00  -8.72959E-11 2.5795TE-16  -1.74722E-21
Mirror 5 0.00000E+00 2.73117E-08 1.12013E-11  9.25229E-16
Mirror 6 0.00000E+00  -2.84379E-10  -4.48476E-16 -1.28457E-21
Mirror 7 0.00000E+00  -5.31063E-10 2.49955E-16  9.28030E-21
Mirror 8 0.00000E+00 2.32104E-10 8.53499E-16  2.27404E-21
Mirror 9 0.00000E+00 8.99663E~10 3.52918E-15  -4.85346E-21
Mirror 10 7.29438E-02  -1.05224E-09  -145361E-15  4.37512E-21
Surface D E F G
Mirror 1 ~2.04929E-23 5.33894E-28 0.00000E+00  0.00000E+00
Mirror 2 3.83759E-20  -4.05131E-24 0.00000E+00  0.00000E+00
Mirror 3 -3.47385E-23 1.19978E-28 0.00000E+00  0.00000E+00
Mirror 4 3.35836E-27  -2.85580E-33 0.00000E+00  0.00000E+00
Mirror 5 3.49953E-19 0.00000E+00 0.00000E+00  0.00000E+00
Mirror 6 -299713E-27  -4.01016E-32 0.00000E+00  0.00000E+00
Mirror 7 -591706E-25  —4.04630E-31 0.00000E+00  0.00000E+00
Mirror 8 ~3.97444E-27 1.59717E-32 0.00000E+00  0.00000E+00
Mirror 9 4.87617E-25  —4.02032E-30 2.37898E-35  0.00000E+00
Mirror 10 -1.37373E-25 1.02096E-30  —4.77532E-36  7.03192E-42
partial objective 1030 forms a third intermediate image 73 in Referring to FI1G. 31, an embodiment of a projection objec-
a position at or near the position of mirror MIR7. Fourth tive 3100 includes ten mirrors MIR1-MIR10, and has an
partial objective 1040 has a total of two mirrors: mirrors image-side numerical aperture of 0.9 at an operating wave-
MIR9 and MIR10. Fourth partial objective 1040 forms an 60 length of 100 nm. Mirrors MIR1-MIR10 are all aspherical
image at or near the position of image plane 102. mirrors. Projection objective 3100 images radiation from
An aperture stop B is positioned on or close to mirror object plane 103 to image plane 102 with a demagnification
MIR2. Alternatively, stop B can also be positioned on mirror ratio of 8x and a resolution of about 39 nm. The optical axis
MIR7, or between mirrors MIR9 and MIR10. in relation to which the projection objective is rotationally
Data for projection objective 3000 is presented in Table 65 symmetric is identified as HA, and the overall length of the

21A and Table 21B below. Table 21 A presents optical data,
while Table 21B presents aspherical constants for each of the

system from object plane 103 to the image plane 102, the
lengthwise dimension, [, is 1,510 mm.
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Projection objective 3100 has a ring-segment field. The
image-side field width, d,, is 13 mm. The image-side field
radius, d,, is 12.5 mm. The image-side field length, d , is 1
mm. Image-side W, . is 0.02\. Image-side field curvature is
5 nm.

The order and curvature of mirrors according to the path of
radiation from object plane 103 to image plane 102 is as
follows: mirror MIR1 is a convex mirror; mirror MIR2 is a
concave mirror; mirror MIR3 is a concave mirror; mirror
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objective 1030 forms an image at or near the position of image
plane 102.

Data for projection objective 3100 is presented in Table
22A and Table 22B below. Table 22A presents optical data,
while Table 22B presents aspherical constants for each of the
mirror surfaces. For the purposes of Table 22 A and Table 22B,
the mirror designations correlate as follows: mirror 1 corre-
sponds to mirror MIR1; mirror 2 corresponds to mirror
MIR2; mirror 3 corresponds to mirror MIR3; mirror 4 corre-

MIR4 is a convex mirror; mirror MIRS is a convex mirror; 10 . - )
mirror MIR6 is a concave mirror; mirror MIR7 is a convex sponds t? mirror MIR4; Mror S correspon(.is to mirror
mirror; mirror MIRS is a concave mirror; mirror MIRY is a MIRS; mirror 6 corresponds to mirror MIRE; mirror 7 corre-
concave mirror; and mirror MIR10 is a concave mirror. sponds to mirror MIR7; mirror 8 corresponds to mirror
Mirrors MIR7, MIR8, MIR9 and MIR10 include openings. MIRE; mirror 9 corresponds to mirror MIR9; mirror 10 cor-
Mirrors MIR1, MIR2, MIR3, MIR4, MIR5 and MIR6 donot 15 responds to mirror MIR10; STOP corresponds to an aperture
include openings. The resulting obscuration radius that pro- stop; and Image corresponds to image plane 102.
vides a field-independent obscuration is 24% of the aperture
radius. TABLE 22A
The image-side free working distance is 20 mm. The
object-side free working distance is 120 mm. 20 Surface Radius Thickness Mode
The maximum angle of incidence on mirrors MIR1-
MIR10 of a chief ray of a central field point is 36.1°. The Object INFINITY 245.168
maximum angle of incidence of any ray on mirrors MIR1- Mirror 1 249051 _124.703 REFL
- o . S
MIR10 is 44.4°. The maximum ran%e of incident angles on Mirror 2 523716 501,550 REFL
an}%ﬁfn.nrrorfs hMIFI'MIRI,O is 24.2°. - fional section is 767 2 Mirror 3 ~667.566 -226.847  REFL
%Sllze,o t Fﬂfr%em mirro.r mn n,leI:h loni‘i,sectt,lon 15 280 Mirror 4 -552.364 256530  REFL
mm. The size of the largest mirror in the x-direction is Misror 5 206,660 597 653 REFL
mm.
. _ _ Mirror 6 368.135 762.143 REFL
The mirrors are arranged so that projection objective 3100 STOP INFINITY 0,000
contains three partial objectives: a first partial objective 1010, 30 Mirror 7 4031704 435'563 REFL
a second partial objective 1020, and a third partial objective Lot : o
1030. Accordingly, projection objective 3100 produces three Mirror & 377.321 809.677 REFL
pupil planes and two intermediate images. At least one of the Mirror 9 —988.316 -324.113 REFL
pupil planes is accessible for positioning an aperture stop. Mirror 10 566.943 344.114 REFL
First partial objective 1010 has a total of six mirrors: mir- 35 Image INFINITY 0.000
rors MIR1-MIRG6. First partial objective 1010 forms a first
intermediate image Z1 in a position at or near mirror MIR8.
TABLE 22B
Surface K A B C
Mirror 1 0.00000E+00  -3.11456E-08 9.16528E-13  -3.54546E-17
Mirror 2 -5.59339E-01  —1.88162E-09 8.43476E-15  -2.59617E-20
Mirror 3 6.87474E-01 2.77052E-10 1.40958E-15  4.28911E-21
Mirror 4 ~1.59289E+01  —1.06455E-08 2.59948E-13  -4.36668E-18
Mirror 5 5.12429E+00  -8.25258E-08  -9.24031E-12  -8.33161E-16
Mirror 6 ~1.39031E-01 3.43126E-10 4.60045E-15  —6.53939E-20
Mirror 7 5.78570E+02 2.57528E-09 3.83885E-14  -2.02693E-19
Mirror 8 ~6.96187E-02 2.19736E-10 3.72967E-16  1.51513E-21
Mirror 9 2.14467E+00 1.04852E-09 2.81763E-15  1.99872E-20
Mirror 10 540700E-01  -5.74797E-10  -3.19526E-16  -3.95750E-21
Surface D E F G
Mirror 1 8.93385E-22  -1.43705E-26 1.00944E-31  -1.28239E-37
Mirror 2 548279E-26  -1.28956E-31 6.35331E-38  0.00000E+00
Mirror 3 2.07859E-26  -5.39237E-32 3.55065E-37  2.29678E-43
Mirror 4 3.82440E-23 841820E-29  -3.23510E-33  0.00000E+00
Mirror 5 1.48317E-19  -4.88263E-23 2.75394E-26  —6.18092E-30
Mirror 6 547733E-24  -2.56664E-28 6.45932E-33  -6.55148E-38
Mirror 7 ~2.80256E-23 3.79804E-28  -1.15483E-31  —6.06768E-37
Mirror 8 7.88332E-28 4.72725E-32  -242047E-37  7.91050E-43
Mirror 9 2.86297E-26 1.14192E-30  —7.63438E-37  4.45766E-42
Mirror 10 8.93037E-27  -1.25840E-31 8.67177E-37  -3.34533E-42

Second partial objective 1020 has a total of two mirrors:
mirrors MIR7 and MIR 8. Second partial objective 1020

Referring to FIG. 32, projection objective 3200 includes
eight mirrors S1-S6, SK1, and SK2, and has an image-side

forms a second intermediate image 72 in a position ator near s numerical aperture of 0.7 at an operating wavelength of 100

the position of mirror MIR7. Third partial objective 1030 has
atotal of two mirrors: mirrors MIR9 and MIR10. Third partial

nm. Mirrors S1-S6, SK1, and SK2 are all aspherical mirrors.
Projection objective 3200 images radiation from object plane
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103 to image plane 102 with a demagnification ratio of 8x and
a resolution of about 50 nm. The optical axis in relation to
which the projection objective is rotationally symmetric is
identified as HA, and the overall length of the system from
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An aperture stop B is positioned between mirrors SK1 and
SK2.

Data for projection objective 3200 is presented in Table
23A and Table 23B below. Table 23 A presents optical data,

object plane 103 to the image plane 102, the lengthwise 3 . .
dimension. L. is 1.470 while Table presents aspherical constants for each of the
jeet gep . & hile Table 23B ts aspherical constants for each of th
9 b b . .

Projection objective 3200 has a ring-segment field. The mirror surfaces. For the purposes of Table 23 A and Table 23B,
image-side field width, d_, is 13 . The image-side field the mirror de.51gnat10ns cgrrelate as follows: mirror 1 corre-
radius, d,, is 17.5 mm. The image-side field length, d , is 1 sponds to mirror S1; mirror 2 corresponds to mirror S2;
mm. Image-side W,,, _ is 0.14A. Image-side field curvature is 10 Mirror 3 corresponds to mirror S3; mirror 4 corresponds to
125 nm. mirror S4; mirror S corresponds to mirror S5; mirror 6 cor-

The order and curvature of mirrors according to the path of responds to mirror S6; mirror 7 corresponds to mirror SK1;
radiation from object plane 103 to image plane 102 is as and mirror 8 corresponds to mirror SK2.
follows: mirror S1 is a concave mirror; mirror S2 is a concave
mirror; mirror S3 is a convex mirror; mirror S4 is a concave 15 TABLE 23A
mirror; mirror S5 is a concave mirror; mirror S6 is a convex
mirror; mirror SK1 is a convex mirror; and mirror SK2 is a Surface Radius Thickness Mode
concave mirror.

Mirrors SK1 and SK2 include openings. Mirrors S1-S6 do .
not include openings. The resulting obscuration radius that 20 Object INFINITY 430.606
provides a field-independent obscuration is 57% of the aper- Mirror 1 -28568.210 -350.616 REFL
ture radius. Mirror 2 851.174 350.616 REFL

f['he 1mage-51de fr.ee Wprkmg .dlstance is 30 mm. The Mirror 3 442.020 -350.606 REFL
object-side free working distance is 100 mm. Mirror 4 087908 696077 REFL

The maximum angle of incidence on mirrors S1-S6, SK1, 25 . ’ ’
and SK2, of a chief ray of a central field point is 25.4°. The Mirror 3 —312.086 -134.752 REFL
maximum angle of incidence of any ray on mirrors S1-S6, Mirror 6 -273.167 779.239 REFL
SK1, and SK2, is 32.4°. The maximum range of incident Mirror 7 348.346 -282.337 REFL
angles Op any of mirrors Sl-S6, SKI, and SKZ, is 2050 STOP INFINITY ~362.208

The size of the largest mirror in meridional section is 945 30 Mirror & 124665 674286 REFL
mm. The size of the largest mirror in the x-direction is 960 ] ’

o Image INFINITY 0.000
The mirrors are arranged so that projection objective 3200
contains two partial objectives: a first partial objective 1010
TABLE 23B
Surface K A B C
Mirror 1 0.00000E+00 9.08199E-09  -6.44794E-13  2.73864E-17
Mirror 2 0.00000E+00  -3.95755E-09  -4.59326E-14 -7.77764E-18
Mirror 3 0.00000E+00  -2.26321E-08 2.00888E-13  4.01582E-18
Mirror 4 0.00000E+00  -3.58006E-10  -8.38532E-16  —4.42394E-20
Mirror 5 0.00000E+00 1.82876E-09 3.83573E-15  -1.98419E-19
Mirror 6 0.00000E+00 3.72775E-08  -9.31689E-13  1.99541E-17
Mirror 7 0.00000E+00 3.17967E-09 1.39624E-13  2.49821E-18
Mirror 8 0.00000E+00 9.10620E-12 242344E-17  2.73184E-23
Surface D E F G
Mirror 1 -9.33644E-22 1.62066E-26  0.00000E+00  0.00000E+00
Mirror 2 1.19180E-21  —6.96128E-26  0.00000E+00  0.00000E+00
Mirror 3 -3.30477E-22 7.17255E-27  0.00000E+00  0.00000E+00
Mirror 4 4.09594E-25  -2.20889E-30  0.00000E+00  0.00000E+00
Mirror 5 1.79598E-24  —5.45453E-30  0.00000E+00  0.00000E+00
Mirror 6 ~2.45482E-22 1.70799E-27  0.00000E+00  0.00000E+00
Mirror 7 1.11591E-22 3.21132E-27  0.00000E+00  0.00000E+00
Mirror 8 2910156-28  -7.88285E-34  2.39162E-39  0.00000E+00
55
and a second partial objective 1020. Accordingly, projection Referring to FI1G. 33, an embodiment of a projection objec-
objective 3200 produces two pupil planes and one interme- tive 3300 includes eight mirrors S1-S6, SK1, and SK2, and
diate image. At least one of the pupil planes is accessible for  hag an image-side numerical aperture of 0.7 at an operating
posmomn% lan afperture stop. At least Oéle ofthe pupil plages o Wavelength of 100 nm. Mirrors S1-S6, SK1, and SK2 are all
15 accessible for positioning an obscuration stop. For aspherical mirrors. Projection objective 3300 images radia-
example, an obscuration stop can be positioned on mirror S2. tion from obiect plane 103 to imave plane 102 with a demac-

First partial objective 1010 has a total of six mirrors: mir- ficati )¢ I} g d lg P £ about 50 Tl%
rors S1-S6. First partial objective 1010 forms an intermediate = Fatlon .rat.lo ol &xand a reso ution o - a 9m hm. 1he
image Z1 in a position at or near mirror S5. Second partial ~ ©ptical axis in relation to which the projection objective is
objective 1020 has a total of two mirrors: mirrors SK1 and 65 rotationally symmetric is identified as HA, and the overall

SK2. Second partial objective 1020 forms an image at or near
the position of image plane 102.

length of the system from object plane 103 to the image plane
102, the lengthwise dimension, L, is 1,300 mm.
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Projection objective 3300 has a ring-segment field. The
image-side field width, d,, is 13 mm. The image-side field
radius, d,, is 12.0 mm. The image-side field length, d , is 1
mm. Image-side W, .15 0.007A.. Image-side field curvature is
8 nm.

The order and curvature of mirrors according to the path of
radiation from object plane 103 to image plane 102 is as
follows: mirror S1 is a convex mirror; mirror S2 is a concave
mirror; mirror S3 is a concave mirror; mirror S4 is a convex
mirror; mirror S5 is a convex mirror; mirror S6 is a concave
mirror; mirror SK1 is a convex mirror; and mirror SK2 is a
concave mirror.

Mirrors SK1 and SK2 include openings. The opening in
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Data for projection objective 3300 is presented in Table
24A and Table 24B below. Table 24 A presents optical data,
while Table 24B presents aspherical constants for each of the
mirror surfaces. For the purposes of Table 24 A and Table 24B,
the mirror designations correlate as follows: mirror 1 corre-
sponds to mirror S1; mirror 2 corresponds to mirror S2;
mirror 3 corresponds to mirror S3; mirror 4 corresponds to
mirror S4; mirror S corresponds to mirror S5; mirror 6 cor-
responds to mirror S6; mirror 7 corresponds to mirror SK1;
and mirror 8 corresponds to mirror SK2.

Other embodiments are in the claims.

mirror SK2 is labeled ASK2. Mirrors S1-S6 do not include TABLE 24A
openings. The resulting obscuration radius that provides a 15
field-independent obscuration is 34% of the aperture radius. Surface Radius Thickness Mode
The image-side free working distance, A, is 30 mm. The
object-side .free working d%sta.nce is 103 mm. Object INFINITY 165.327
The maximum angle of incidence on mirrors S1-S6, SK1, Mirror 1 549,504 62783 REFL
. . . 1rror . =02,
and SK2, of a chief ray of a central field point is 39.7°. The 20 .
maximum angle of incidence of any ray on mirrors S1-S6, Mirror 2 343.765 670.215 REFL
SK1, and SK2, is 52.2°. The maximum range of incident Mirror 3 -828.212 -218.641 REFL
angles on any of mirrors S1-S6, SK1, and SK2, is 23.6°. Mirror 4 -1067.352 268.921 REFL
The size of the largest mirror in meridional section is 693 Mirror 5 332.014 ~264.244 REFL
mm. The size of the largest mirror in the x-direction is 706 25 Mirror 6 338.358 712.058 REFL
mm. - .. .. Mirror 7 1159.033 -164.051 REFL
The mirrors are arranged so that projection objective 3300
: . RO . L STOP INFINITY -283.661
contains two partial objectives: a first partial objective 1010 .
and a second partial objective 1020. Accordingly, projection Mirror 8 367.471 477708 REFL
objective 3300 produces two pupil planes and one interme- 30 Image INFINITY 0
diate image. At least one of the pupil planes is accessible for
positioning an aperture stop.
TABLE 24B
Surface K A B C
Mirror 1 2.99269E-02 0.00000E+00  -2.13755E-13  6.46731E-18
Mirror 2 -3.44285E-01 0.00000E+00 2.07475E-15  -1.50695E-19
Mirror 3 2.56188E-01 0.00000E+00 4.13017E-15  -8.73809E-20
Mirror 4 3.72134E+01 0.00000E+00 1.17208E-13  -1.00755E-17
Mirror 5 ~2.17361E+00 0.00000E+00  -2.13347E-12  -1.63109E-17
Mirror 6 5.10592E-01 0.00000E+00 4.64944E-15  9.47577E-20
Mirror 7 2.30009E+01 1.60457E-09 7.62848E-15  7.32194E-20
Mirror 8 138025E-01  —4.77315E-11  -7.94863E-17  —1.46539E-22
Surface D E F G
Mirror 1 ~2.49480E-22 590564E-27  -7.53450E-32  0.00000E+00
Mirror 2 1.63388E-24  —8.61503E-30 0.00000E+00  0.00000E+00
Mirror 3 9.49612E-25  -4.79993E-30 6.26043E-36  0.00000E+00
Mirror 4 6.10952E-22  -1.76184E-26 2.51233E-31  0.00000E+00
Mirror 5 ~6.87493E-20 2.30226E-23  -4.50171E-27  0.00000E+00
Mirror 6 ~1.14614E-24 9.25629E-29 8.23956E-34  0.00000E+00
Mirror 7 1.10925E-24  —2.18661E-30 9.19421E-34  0.00000E+00
Mirror 8 ~3.96589E-28  —6.93749E-35  -5.09345E-39  0.00000E+00
First partial objective 1010 has a total of six mirrors: mir- s What is claimed is:
rors S1-S6. First partial objective 1010 forms first intermedi- 1. An apparatus, comprising;
ate image Z1 in a position at or near mirror SK2. Second a projection objective configured to image radiation along
pagtls%{ozbjgctlve(ilmqh?s % total Oflt(\;vzoor?lrr ors: mirrors SK1 a path from an object field of the projection objective to
an - >econd partial objective orms an image at or an image field of the projection objective, the projection
near the position of image plane 102. N . . . .
- - . 60 objective having a demagnification ratio of more than
An aperture stop B is positioned between mirrors SK1 and A and
SK2. An aperture stop can also be located at a position within > and . . .
first partial objective 1010. For example, the aperture stop can an illumination system configured to illuminate the object
be positioned close to or directly on one of the mirrors in first field of the projection objective,
partial objective 1010, such as on mirror S2. The obscuration wherein the apparatus is a microlithography projection
stop, which defines the pupil obscuration, can likewise be 65 exposure apparatus.

positioned on the same mirror and realized as an anti-reflec-
tion coating, for example.

2. The apparatus of claim 1, wherein the demagnification
ratio of the projection objective is 5x or more.
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3. The apparatus of claim 1, wherein the demagnification
ratio of the projection objective is 6x or more.

4. The apparatus of claim 1, wherein the demagnification
ratio of the projection objective is 7x or more.

5. The apparatus of claim 1, wherein the demagnification
ratio of the projection objective is 8x or more.

6. The apparatus of claim 1, wherein an angle of incidence
of a chief ray corresponding to a central field point on each
mirror of the projection objective in a meridional section of
the projection objective is about 25° or less.

7. The apparatus of claim 1, wherein the projection objec-
tive includes at least one intermediate image in the path
between the object field and the image field, and the magni-
fication ratio of the projection objective is a product of mag-
nification ratios of at least two partial objectives of the pro-
jection objective.

8. The apparatus of claim 1, wherein the projection objec-
tive comprises mirrors.

9. The apparatus of claim 8, wherein angle of incidence of
a chief ray on each of the mirrors of the projection objective
of 20° or less.

10. The apparatus of claim 8, wherein a range of angles of
incidence of rays from each of the mirrors of the projection
objective for a meridional section of the projection objective
is about 25° or less.

11. The apparatus of claim 1, wherein the projection objec-
tive has an image-side numerical aperture which is greater
than 0.4.

12. The apparatus of claim 1, wherein the projection objec-
tive is telecentric at the image plane.

13. The apparatus of claim 1, wherein the illumination
system includes components to provide a desired polarization
profile for the radiation beam.

14. The apparatus of claim 1, wherein the illumination
system comprises at least one raster-type mirror.

15. The apparatus of claim 1, wherein the illumination
system includes a field facet mirror.

16. The apparatus of claim 1, wherein the illumination
system includes a pupil facet mirror.

17. The apparatus of claim 1, wherein the illumination
system includes a pupil facet mirror.

18. The apparatus of claim 1, wherein the projection objec-
tive is a catoptric projection objective.

19. An apparatus, comprising:

a projection objective configured to image radiation along

a path from an object field of the projection objective to
an image field of the projection objective, the projection

20

30

35

40

45

74

objective being a catoptric projection objective which
has a demagnification ratio of 4x or more; and
an illumination system configured to illuminate the object
field of the projection objective, the illumination system
comprising a field facet mirror and a pupil facet mirror,

wherein the apparatus is a microlithography projection
exposure apparatus.

20. A method of using a microlithography projection expo-
sure apparatus comprising an illumination system and a pro-
jection objective, the method comprising:

using the illumination system to illuminate a structure-

bearing mask, the structure-bearing ask being in an
object field of the projection objective; and

using the projection objective to image a structure of the

mask onto a light-sensitive material located in an image
field of the projection objective,

wherein the projection objective has a demagnification

ratio of more than 4x.

21. The apparatus of claim 19, wherein the demagnifica-
tion ratio of the projection objective is more than 4x.

22. The apparatus of claim 19, wherein the demagnifica-
tion ratio of the projection objective is 5x or more.

23. The method of claim 20, wherein the demagnification
ratio of the projection objective is 5x or more.

24. An apparatus, comprising:

a projection objective configured to image radiation along

a path from an object field of the projection objective to
an image field of the projection objective, the projection
objective having a demagnification ratio of 4x or more;
and

an illumination system configured to illuminate the object

field of the projection objective,

wherein the projection objective is telecentric at the image

plane, and the apparatus is a microlithography projec-
tion exposure apparatus.

25. A method of using a microlithography projection expo-
sure apparatus comprising an illumination system and a pro-
jection objective, the method comprising:

using the illumination system to illuminate a structure-

bearing mask, the structure-bearing ask being in an
object field of the projection objective; and

using the projection objective to image a structure of the

mask onto a light-sensitive material located in an image
field of the projection objective,

wherein the projection objective has a demagnification

ratio of 4x or more, and the projection objective is tele-
centric at the image plane.

#* #* #* #* #*
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